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Abstract 
Acrylic fibres are the most suitable precursor for processing carbon fibres with 
a range of targeted mechanical properties. Diversity of properties of carbon fibre 
products, such as different tensile strength, modulus, shape, length or diameter has 
grown the opportunity of being spread in sporting goods, automotive, wind turbine, 
fashion, aerospace and the other application. Application of carbon fibres composites 
in automotive industries has been growing due to global requirements to reduce 
energy consumption of vehicles and reduce air pollutants and greenhouse gases. 
Therefore, an investigation to reduce the manufacturing cost of automotive grade 
carbon fibres is required to eliminate the barriers of application of carbon fibres 
reinforced composites in automotive industries. Thermal stabilisation of 
polyacrylonitrile (PAN) precursor is the first, slowest and the most energy-consuming 
step in carbon fibre manufacturing process, which significantly contributes to the cost 
of the final product. In this study, chemical treatment of PAN precursor fibre at 
different stages during and after wet-spinning process is investigated with the view 
to reduce temperature of stabilisation step. In addition, recovering waste energy 
from exhaust flow is studied as a complementary solution to decrease energy loss of 
stabilisation process. 
Chemical treatment of PAN fibres with ammonium iron (II) sulphate in 
coagulation bath resulted in 13oC reductions in peak temperature of stabilisation of 
homopolymer polyacrylonitrile fibres, which demonstrates the chemical activation of 
cyanide bonds at lower temperature by adding sulphate ions. A further improvement 
in mechanical properties of chemically treated fibres was detected due to an increase 
in size and orientation of crystallites after chemical treatment in the coagulation 
bath. While addition of 1-Ethyl-3-methylimidazolium acetate (EMIM-Ac) to the 
spinning dope did not lead to any desired improvement, a notable reduction from 
316 to 164oC in peak temperature of stabilisation was detected after post-spinning 
treatment of precursor fibres in 10wt% EMIM-Ac in water bath for only 2 minutes.  
Heat recovery from the exhaust flow with a finned-tube heat exchanger for 
preheating make-up air, resulted in 17% decrease in energy loss of stabilisation 
process. Since thermal stabilisation of PAN precursor contributes to at least 22% of 
carbon fibre final cost, increasing efficiency of the process via heat recovery approach 
could be considered as a potential cost saving solution.  
Based on presented results herein, chemical treatment of PAN precursor fibres 
with ammonium iron (II) sulphate, EMIM-Ac or pre-heating make-up air with a heat 
recovery system are shown to be effective approaches with potential to pave the way 
for production of low-cost carbon fibres. 
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Introduction 
I. Overview 
From traditional fabrics to the smart wearable clothes, from old woven sieves 
to Nano-porous membrane filters and from the ancient cob walls to recent composite 
reinforcements, fibres have been performing a significant role in our daily lives. For 
several years, a wide range of natural fibres from plants or animal resources 
dominated fibres manufacturing market. However, lack of natural resources and 
special capabilities of synthetic materials persuaded scientists to produce polymeric 
synthetic fibres. Nowadays, synthetic fibres occupy a major part of the textile market 
and they dominate various markets such as fashion, insulation and composite. 
Furthermore, tailoring a specific polymer for different applications allows individual 
fibres to be applied in different industries with different applications. For example; 
application of different grades of polyacrylonitrile fibres in conventional textile 
fabrics, fire-retardant fabrics and carbon fibres presents ability of the same synthetic 
fibre in playing different roles [1].  
Among all synthetic fibres, carbon fibres are known as a lightweight solution to 
reduce weight of composite parts. However, cost of carbon fibres hindered its 
application in many composite industries. Thermal conversion of polyacrylonitrile 
(PAN) (the main precursor of carbon fibres) is known as one of the major contributing 
factors in high cost of carbon fibre [2-4] and several approaches are offered to reduce 
energy consumption of thermal conversion steps. Stabilisation and carbonisation of 
precursor fibres are the two major thermal conversion steps and among these steps, 
stabilisation is the slowest process and consumes more than 48% of total required 
energy of conversion [5]. Therefore, reducing the energy consumption in thermal 
conversion of carbon fibre could assist in development of low cost carbon fibres. 
Utilising copolymer precursor fibres instead of homopolymer PAN [1, 6-10] and post-
spinning chemical treatment [11-16] are the two known approaches to reduce energy 
consumption of stabilisation process by initiating the reaction at lower temperature.  
   INTRODUCTION 
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Modification of the chemical composition of PAN by adding a small percentage 
of acidic comonomers has shown a notable effect on thermochemical behaviour of 
precursor PAN fibres during its stabilisation [17, 18]. Previous studies reported adding 
less than 2wt% of acrylic acid, methacrylic acid or itaconic acid [9, 11] initiates the 
stabilisation reactions at a lower temperature and also broaden the very sharp 
exothermic energy generation peak of homopolymer fibres [9, 19]. These days, a 
polymer precursor containing more than 95wt% acrylonitrile with around 3wt% of an 
inert monomer as the rheology improver and less than 2wt% of an acidic monomer 
as the reaction initiator is known as the suitable precursor material for carbon fibres 
application [9, 20]. Therefore, alternative approaches must be considered to reduce 
cost of carbon fibres. 
Chemical treatment of precursor fibres is another alternative solution to reduce 
stabilisation temperature and assist in the reaction to be completed at a lower 
temperature and shorter time [11, 16]. In previous studies [11-16, 21, 22] post-
spinning of PAN fibres in the presence of chemicals such as potassium permanganate, 
benzoic acid [23], succinic acid [12], zinc chloride, DMF [13] and acetic acid [24] have 
been investigated as a solution to achieve a higher mechanical performance and to 
decrease the stabilisation temperature. Since stabilisation of precursor fibres 
happens by circulating hot air in huge ovens, reducing the reaction temperature saves 
consumed energy for heating up the massive amount of air. Moreover, accelerating 
stabilisation reaction reduces the required residence time of fibre tows in the oven 
and decreases the cost of consumed energy for converting a unit mass of precursor 
to carbon fibres [11]. As new chemicals such as ionic liquids with special abilities have 
been developing in the past years [5, 25], new research have been started to study 
effect of these new chemicals on thermal behaviour of precursor fibres.  
The third effective solution to reduce energy consumption of thermal 
conversion process is to recover a part of wasted heat from the exhaust flow and 
preheat the process air by the recovered energy. As stabilisation exhaust flow contain 
a small amount of highly toxic hydrogen cyanide, carbon monoxide and ammonia 
gases, all exhaust flow must be burnt above 850oC to convert these toxic and 
explosive gases into safe products [1]. To burn toxic fumes, an abatement system 
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including a gas burner is used and all exhaust streams from stabilisation ovens and 
carbonisation furnaces direct to its fired chamber before releasing them to the 
atmosphere. The exhaust flow contains a notable amount of recoverable energy that 
recovered and applied to preheat the make-up air of the stabilisation oven or to use 
for preheating PAN tows prior to enter to the ovens. Similar heat recovery approach 
has been studied and applied in some industrial plants to increase energy efficiency 
of the process and reduce cost of final product [26-28]. However, the unknown 
amount of generated exothermic energy of PAN fibres in thermal stabilisation 
process prevents researchers and engineers to evaluate the exact energy efficiency 
of the process and to investigate the effect of heat recovery on energy efficiency of 
the process. 
II. Research aims and objectives 
As discussed above, reducing cost of carbon fibres is strongly entangled with 
the cost of consumed energy in thermal conversion process. Therefore, the main aim 
of this research is to investigate approaches for reduction of energy consumption 
during carbon fibre process. To achieve this aim, various approaches are reviewed 
and classified based on their advantages and disadvantages. Since wet-spinning of 
PAN precursor and its thermal conversion process have been established during the 
last 50 years, finding a novel approach to modify any of these processes is the major 
challenge of this research. To overcome this challenge, effective process parameters 
at the early stage of fibre formation and stabilisation process are deeply investigated.  
III. Thesis Outline 
This thesis is scientifically organised in seven chapters as follows: 
Chapter 1 introduces the existing precursors and preparation methods of 
carbon fibres. In this chapter, the main factors influencing the cost of carbon fibre 
are studied. The literature review is continued by presenting previous challenges to 
produce a desired polyacrylonitrile (PAN) precursor fibre. Influence of wet-spinning 
and thermal conversion process parameters on mechanical and thermochemical 
properties of precursor and carbon fibres are listed and discussed in detail. Finally, 
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some of the previous and recent solutions to reduce processing cost is presented and 
their advantages and disadvantages are discussed.  
Chapter 2 focuses on the selected approaches to stabilise precursor fibres with 
less energy consumption. The first part of this chapter lists the materials and 
describes how precursor fibres are prepared. Moreover, chemical treatment of fibres 
and stabilising PAN fibres are described in detail and process parameters and applied 
techniques are introduced to clarify the sample preparation technique. Since 
advanced characterisation techniques are required to evaluate influence of chemical 
treatment on precursor fibres, the second part on chapter 2 describes sample 
preparation for each analysis, analysis procedures and instrumental techniques. 
Finally, to design the heat recovery system, an energy modelling of the stabilisation 
process, modelling assumptions and correlations are presented and described, 
precisely. 
Chapter 3 shows effect of chemical treatment of PAN precursor fibres by 
ammonium iron (II) sulphate on physical and thermochemical properties of precursor 
and stabilised fibres. The main aim of this chapter is to compare the results of 
conventional post-spinning chemical treatment method with a novel modification 
approach in the coagulation bath. To evaluate influence of chemical treatment at 
each stage, precursor fibres are chemically treated in the coagulation or post-
spinning bath and their physical and thermochemical properties are compared with 
a control sample. This chapter finally provide an explanation as to how 
physiochemical properties of PAN precursor changes as a results of chemical 
treatment at different stages and how it influences the energy consumption of 
stabilisation process. 
Chapter 4 describes a possible energy saving in stabilisation of PAN precursor 
after using an ionic liquid material, which accelerates stabilisation of PAN fibres and 
reduce peak temperature of the reaction. Due to proven capabilities of ionic liquid in 
assisting thermal reactions, 1-Ethyl-3-methylimidazolium acetate (EMIM-Ac) is 
selected as a chemical agent to modify thermochemical properties of PAN precursor 
fibres. In order to find the most effective treatment method, adding EMIM-Ac directly 
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to the spinning dope and post-spinning bath are investigated. Thermochemical 
analysis shows different outcomes for each individual treatment. Finally, 
effectiveness of each approach on reduction of required stabilisation energy of fibres 
are investigated by studying analytical evidences and results are discussed to achieve 
the desired approach.  
 Chapter 6 demonstrates a different solution to the existing energy 
consumption problem by recovering heat from the exhaust flow. The explained 
technique in this chapter is how to recover waste energy from the exhaust flow to 
heat up the make-up air and increase energy efficiency of stabilisation process. To 
achieve this goal, an accurate energy modelling of the existing stabilisation process is 
prepared and the model has verified with the existing plant data. Based on the 
calculation, the available thermal energy for recovery and the increase in energy 
efficiency of the stabilisation process are calculated.  
   Chapter 7 summarises the efforts on reduced energy consumption presented 
in this study and suggestions for future works based on the results of this work are 
presented. 
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1 Chapter 1 - Literature Review 
Carbon fibre composites have been developed due to their light weight solution 
for a wide range of applications with superior mechanical performances [1]. High 
chemical resistivity and desired heat and electrical conductivity of carbon fibres 
placed them as one of the favourite organic materials. Theoretically, any fibre 
containing more than 95% of carbon can be distinguished as carbon fibre [29] 
however, it was not easy to produce carbon fibres with superior mechanical 
properties for many decades. Research on improving mechanical properties of 
carbon fibres were continued for more than 70 years and different research groups 
in UK, Japan and the USA tested different approaches to produce fibres that we 
currently known as carbon fibres  [1]. Within this period, various precursor materials 
were converted into carbon fibres and their mechanical properties were tested, 
different thermal conversion temperature, rates and atmospheres were tried and 
finally, after decades of research an established method for processing precursor to 
carbon fibres were introduced. Bulk production of carbon fibres started in 1959 by 
The National Carbon Company, a division of Union Carbide by carbonising rayon cloth 
and since then, its application has been  growing in many industries such as 
automotive, wind energy, sporting goods, airplanes and etc. Figure 1-1 shows the 
growing trend of carbon fibre market and market study predicts an increase to 89 
kilo-ton at 2020 [30]. 
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Figure 1-1 carbon fibre production from 2010 and predicted demand in 2020 [31]. 
As shown in Figure 1-1 production of carbon fibres will increase by almost 50% 
in 5 years from 2015 to 2020 and the market demand will grow to 117000 tons by 
2022. Based on a detailed published report by OAK RIDGE National Library 
researchers, [32] application of carbon fibre reinforced composites in automotive 
and wind energy industries will be grown faster than its application in pressure vessel 
and aerospace related industries. Therefore, tailoring properties of carbon fibres for 
these two specific applications will be a concern of the future. 
Despite high demand of carbon fibres, the number of major producer of carbon 
fibres is limited to 12 major companies as shown in Figure 1-2, which demonstrates 
how competitive this market is. 
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Figure 1-2 Major carbon fibre manufacturers worldwide [31] 
Despite technological development in this field carbon fibre is still an expensive 
material and bulk production is one of the solutions to decrease its manufacturing 
cost [1]. The manufacturing process of carbon fibres has been established during the 
last 70 years and most companies applies the same procedure to produce carbon 
fibres. For example; polyacrylonitrile (PAN) polymer is the precursor of more than 
95% of global carbon fibre producers, [5] which is produced by wet-spinning process, 
stabilised in low temperature ovens in presence of air and carbonised in high 
temperature furnaces in presence of nitrogen [1]. The presented trend in Figure 1-2 
indicates 12 companies are producing more than 90% of carbon fibre and the other 
companies are producing less than 10% of market demand. In the other word, smaller 
companies cannot survive in the market unless they find a way to reduce cost of 
manufacturing.  
Cost of carbon fibre depends on a number of variables such as precursor 
material cost and required energy for materials processing and handling. Figure 1-3 
shows a detailed cost of manufacturing for carbon fibre composite products for four 
major automotive, aerospace, pressure vessel and wind energy industries.   
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Figure 1-3 Break-down of cost of crbon fibre composite end products [32] 
Based on the presented cost breakdown scheme in Figure 1-3, converting the 
precursor fibres to the final carbon fibre add a notable cost to the material. As shown 
in Figure 1-4 stabilisation and carbonisation of precursor fibres contributes to 37% of 
the final cost. As a result, to reduce the cost of carbon fibres, one possible solution is 
to decrease the amount of the consumed energy. 
 
Figure 1-4 cost break-down chart for processing PAN precursor to carbon fibre [30] 
As  shown in Figure 1-4, 88% of cost of carbon fibres is due to (i) precursor cost 
and (ii) thermal conversion process. Therefore, to reduce the manufacturing cost, 
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alternative precursors and processing conditions have been investigated which will 
be described in the next sections. 
1.1 Precursors materials for carbon fibres 
Carbon fibres are produced by heat treatment of precursor fibre in two main 
steps; stabilisation and carbonisation [18, 33-35]. Interestingly thermal stabilisation 
at low temperature in air atmosphere (stabilisation happens below 280oC) consumes 
higher amount of energy than high temperature carbonisation (carbonisation 
happens above 1500oC in an inert atmosphere) because of its longer process time. 
Research groups across the world have studied a range of precursor materials to 
produce high mechanical properties carbon fibres with reasonable material cost and 
energy consumption [1, 18, 29, 36]. After investigating different materials, petroleum 
pitch based materials, bio-renewable precursors and acrylic fibres have been 
introduced as the most process-able precursor materials for carbon fibres [1, 18, 33, 
37, 38].  
1.1.1 Pitch precursor 
Pitch is a low molecular weight by-product of coal or petroleum industries and 
due to its high carbon yield (85%), it was selected as one of the first possible 
precursors for carbon fibre production [1, 18]. The main advantage of using pitch as 
a precursor source is to produce carbon fibres with notably larger graphite crystallite 
size that results in the high modulus carbon fibre [1, 18, 29]. However, there are two 
major challenges in using pitch as a carbon fibre precursor: (I) a preliminary refining 
step is required to remove non-hydrocarbon parts and the long chains or branched 
hydrocarbons which are stable, do not react at higher temperature and reduce 
mechanical properties [1] and (II) due to graphitic nature of precursor it has weak 
compression and transverse properties [1]. These issues have limited the application 
of pitch as a desired source of carbon in carbon fibre industry. 
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1.1.2 Bio-renewable precursors 
Bio-renewable precursors are another type of natural based polymers that 
have been investigated [39-42]. These biopolymer precursor materials [41] are 
mainly the fibrous components of plants body and are extracted by chemical 
processes [39]. Cellulose and lignin are the two known bio-renewable precursor 
materials, which their chemical extraction, fibre production and thermal conversion 
are being investigated greatly by many researchers [1, 18, 39-42]. Cellulose was 
converted into carbon fibre and applied as an electric lamp filament for the first time 
in 1880s however, the major studies in conversion of cellulose fibres to carbon fibres 
was occurred  in 1959 by converting Rayon precursor to carbon cloth [1]. Despite 
lower cost of bio-renewable precursors their application in carbon fibres industry is 
restricted by their low carbon content and yield, (44.4 % and 25-30 %, respectively)  
[18]. In addition, converting cellulosic or lignin based precursors to carbon fibre 
requires a complex stabilisation step and it consumes a significant amount of energy 
[1]. Figure 1-5 shows chemical structures of cellulose and lignin, the most 
conventional bio-renewable precursors that are converted to carbon fibre. 
 
 
 
Figure 1-5 Naturally occurring bio-renewable polymers; (a) chemical structure of 
cellulose and (b) possible structure of lignin [1] 
a 
b 
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As it is mentioned, the lower cost of bio-renewable precursor materials is a 
desirable factor however, a number of issues such as low carbon yield and high 
processing cost are the barriers for further development of these inexpensive 
sustainable sources. Recently, research groups illustrated new methods to produce 
cellulose or lignin based carbon fibres [39-42] by adding them into PAN/solvent 
blend. Adding carbon Nano-tubes as graphitising template [40] or optimising 
processing condition [39] are the two proposed methods to improve mechanical 
properties of PAN/lignin carbon fibres in a more simplified stabilisation process. 
1.1.3 Acrylic precursors 
Acrylic fibres with higher than 85wt.% acrylonitrile monomer (preferably 90-
95wt.%) have been found as an ideal acrylic precursor for carbon fibres applications 
[18]. PolyAcryloNitrile (PAN) is a typical example of acrylic fibres that has known for 
its high carbon yield and capability of inter-chain reactions [1, 18, 43-48]. Figure 1-6 
shows chemical structure of PAN homopolymer. To produce carbon fibres with 
desirable mechanical properties, the weight average molecular weight should be 
between 90000 and 140000 gr/mole [1]. 
NN N N N
 
Figure 1-6 chemical structure of poly acrylonitrile (PAN) homopolymer 
Although PAN polymer was synthesised and presented prior to pitch and 
cellulosic based materials, spinning PAN polymer remained as a challenge for several 
years due to its low degradation temperature and low solubility tendency. Since PAN 
has a degradation temperature lower than its melting point, it was difficult to melt-
spin it. On the other hand, PAN was not soluble in typical solvents available then and 
therefore solution spinning was challenging (both techniques will be discussed in the 
next section in detail). The solubility issue was solved when in 1942 GH Latham, a 
DuPont researcher introduced dimethylformamide (DMF) to dissolve PAN [1].  
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Although the tendency to form a ladder structure at higher temperature is an 
advantage for PAN it acts as the main disadvantage during preparation of spinning 
dope and wet-spinning process. Strong dipole-dipole interaction between nitrile 
groups results in a high melting point, serious entanglement of chains, large stiffness 
and a high solvent resistance [49]. Consequently, due to the strong intermolecular 
interaction between cyanide groups, PAN homopolymer shows lower solubility and 
spinnability  and tends to form a gel structure [49, 50]. To reduce chains 
entanglement and avoid gel formation, different co-monomers are added into PAN 
during polymerisation. Acrylic and methacrylic acid, methyl acrylate are the known 
comonomers that reduces chains entanglement by decreasing dipole-dipole 
interaction between nitriles groups [1]. Adding plasticising comonomers allow to 
stretch fibres during wet-spinning process and increase the axial orientation of PAN 
crystallites to achieve precursor and carbon fibres with higher mechanical properties 
[3, 29].  
To conclude, different precursor materials can be nominated as the potential 
precursors for carbon fibres application however, regarding their cost, carbon yield 
and physiochemical properties PAN polymer is the most accepted precursor material 
and is highly recognised for its tailorable mechanical properties [1, 29, 37]. More 
details about the conversion of polymer dope into the precursor fibres will be 
presented in the next section. 
1.2 Spinning methods of PAN precursor 
Spinning process is converting the polymeric dope into the fibre and the 
appropriate method is selected based on the nature of the polymer. Two spinning 
methods have been introduced for spinning fibres from PAN polymer: (i) melt-
spinning and (ii) solution-spinning technique [1, 18, 47, 48, 51-54]. Solution-spinning 
is divided into three techniques: (i) dry-spinning, (ii) wet-spinning and (iii) air-gap 
spinning  [1, 18]. Each method has its own advantages and disadvantages that will be 
discussed in the following section. 
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1.2.1 Melt-spinning  
Melt-spinning process  is applicable for the precursor materials that can be 
melted below their degradation temperature [50]. In this method the precursor 
material are melted and extruded through the holes of spinneret, solidified by 
passing a free length in air and finally, melt-spun fibres are collected on a collector 
[1]. A schematic of melt-spinning process is illustrated in Figure 1-7. 
 
Figure 1-7 Schematic of melt-spinning process [1] 
Melt-spinning is the preferred method for pitch based and some other new 
types of thermoplastic based precursors such as polyethylene and polypropylene [1, 
18, 55]. To process PAN with melt-spinning method, acrylonitrile monomers are 
polymerised with some co-monomers such as methyl acrylate to decrease its melting 
point below the thermal degradation temperature [50, 53, 56]. As melt-spinning 
process is solvent free, it is often known as a more economical and environmental 
friendly spinning technique. However, reported works on PAN spinning using this 
technique are lab-scale studies and the melt-spinnable PAN polymer is not 
commercially available yet. Since commercial PAN precursor is polymerised with 
methyl acrylate and itaconic acid, it has a higher degradation temperature than its 
melting point and melt-spinning method is not technically practical [1].   
1.2.2 Solution-Spinning  
When a polymeric compound is thermally unstable, solution-spinning method 
can be an alternative approach to convert the spinning dope into the fibre [57]. In 
this method polymer is dissolved in a solvent to prepare a polymeric dope, then the 
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injected through a spinneret and filaments are produced by draining or evaporating 
solvent [54]. Regarding the spinning solvent and the application of fibres, solution 
spinning is divided into three subcategories as below: 
1.2.2.1 Dry-spinning method 
Dry-Spinning is involved in  processing the polymer dope in a vertical column 
(similar to melt-spinning method) and a hot gas stream evaporates the solvent and 
dry the filaments [1, 57].  The schematic of this method is shown in Figure 1-8. 
 
Figure 1-8 Schematic of dry-spinning process [1] 
However, due to challenges listed below, dry spinning is not a preferred 
method when it comes to spinning of PAN precursor: [1]: 
- The solvent used in dope preparation should be non-toxic, have a low boiling 
point and the heat of vaporisation must be low. 
- Dry-spinning cannot be used to produce tows with very high number of 
filaments (i.e. thousands) because the internal filaments cannot be dried 
effectively.  
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- The cross section of fibres produced by this method is dog-bone shape, which 
shows their extreme precipitation condition and is not preferred for most of 
carbon fibre manufacturers. 
- To achieve a high spinning rate, the spinning apparatus  requires a notable 
height [54].  
1.2.2.2 Air-gap spinning method 
Air-gap spinning or dry-jet spinning are different terminologies of a spinning 
process that has many similarities to wet-spinning technique. In this method the 
spinneret is placed vertically, above the liquid surface in the spin bath and the 
extruded polymer enters into the air first (air-gap) and then to the coagulation bath 
(wet-spinning) [1, 48].  
 
Figure 1-9 Schematic of air gap or dry-jet spinning method 
Since the air-gap between the spinneret and liquid surface allows polymeric 
dope extrudes at a higher temperature than coagulation bath, the spinning speed 
and molecular orientation of fibre produced via this method is higher than the 
conventional wet-spinning method. However, this method is suitable for small fibre 
tows and not applicable for the tows above 12,000 filaments [1]. 
1.2.2.3 Wet-spinning  
Wet-spinning method is the most preferred method for spinning of PAN 
solution [57] and is currently used to produce PAN precursors by most companies [1]. 
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In this method, a highly viscose solution is extruded through a multi-hole spinneret 
that is placed in a liquid bath containing non-solvent liquid. Non-solvent liquid must 
remove the solvent for the spinning dope by dissolving it. The polymer is coagulated 
due to diffusion of solvent from the polymeric dope into the bath and a fibre structure 
is formed in the coagulation bath [1, 18, 51, 54, 57]. The main reason of fibre 
formation is a counter-current mass transfer of solvent from the polymeric dope to 
the bath and non-solvent liquid from the coagulation bath into the fibre. Figure 1-10 
shows a schematic of how a polymeric dope solidifies into a nascent fibre in a 
coagulation process. 
 
Figure 1-10 A schematic of polymer solidification into the fibre in the coagulation 
bath 
Since, the counter-current mass transfer between fibre and the coagulation 
bath is affected by many variables, the process must be controlled precisely to form 
a circular and defect free fibre. A simplified schematic of wet-spinning is shown in 
Figure 1-11 [1, 58]. 
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Figure 1-11 schematic of wet-spinning method [1] 
Since the wet-spinning process is the most accepted process in production of 
precursor for carbon fibres, there are several studies on influence of wet-spinning 
parameters on morphological, molecular, thermal and mechanical properties of PAN 
precursor and carbon fibre.  [1, 18, 51, 54, 58-68].  
1.2.3 Precursor spinning variables 
Number of independent and dependent variables of wet-spinning process may 
vary regarding the number of steps of wet-spinning process. In order to enlist 
effective parameters of wet-spinning process, it will be useful to define some  sub-
processes [29, 58]: 
- Coagulation process of polymer to fibre 
- Washing process to remove extra solvent from the fibre 
- Stretching of fibres to increase chains orientation  
- Rinsing, post drawing, finishing and collecting fibre 
Above steps are showing the main sub-processes of a typical wet-spinning 
process and depending on the desired mechanical properties or applications of fibres, 
some extra steps may be added. Based on the literatures, the most important part of 
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wet-spinning process is coagulation of fibre from polymer (the earliest fibre 
formation stage) and many studies have investigated the effects of various  
parameters during coagulation process [29, 61, 65, 67, 69-72]. The final 
morphological structure, chains orientation and surface properties of fibres are 
strongly related to the coagulation of fibres. Earlier studies have reported the 
following effective parameters in wet-spinning of PAN precursor fibre [47, 51, 54, 58, 
61, 62, 64, 65, 70]: 
- Effect of different co-monomers 
- Effect of spinning dope solvent 
- Concentration of spinning dope 
- Temperature of spinning dope 
- Coagulation bath composition 
- pH of the coagulation bath 
- Temperature of the coagulation bath 
- Jet stretch and drawing ratio 
These parameters will be described in the next sections to clarify effects of 
process parameters on physical properties of PAN precursor fibres. 
1.2.3.1 Effect of different co-monomers 
Generally, polyacylonitrile has been widely accepted as the most suitable 
precursor of carbon fibre. However, some comonomers are required to be used to 
increase spinnability of polymeric dope. Another crucial role of a co-monomer is to 
reduce temperature of stabilisation and consequently reduce energy consumption of 
stabilisation process. For these purposes two main groups of comonomers, which are 
known as neutral and acidic comonomers are added to PAN structure. [1, 18].  
PAN homopolymer has very sharp oxidation isotherm that leads to a very fast 
release of heat during the stabilisation step, which it can make stabilisation process 
out of control and damage the structure of fibres. The intense exothermic energy 
release of homopolymer PAN is shown in Figure 1-12 and the influence of using four 
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different co-monomers on broadening and reducing the exothermic peak are 
presented. 
 
Figure 1-12 DSC thermograph of homopolymer PAN and different modified 
copolymers [9] 
Acidic co-monomers such as acrylic acid, methacrylic acid and itaconic acid 
decrease stabilisation peak temperature and allow the stabilisation process to be 
completed at lower temperature [11-13, 15, 16]. In order to reduce very strong 
intermolecular interaction between cyanide groups, neutral co-monomers such as 
methyl acrylate and methyl methacrylate are used  during polymerisation and they 
improve solubility and spinnability of PAN by reducing gel formation in the dope 
solution [9, 10, 56, 73-75]. Previous studies showed a terpolymer including 
acrylonitrile (AN), methyl acrylate (MA) and itaconic acid (IA) represents the best 
mechanical performance and energy saving results in carbon fibre manufacturing 
process [9, 18, 61, 76]. However, it should be noted that using itaconic acid at higher 
than 2 wt% decreases carbon yield of the precursor fibre [51]. 
Recently, a new research showed using poly (acrylonitrile-co-3-aminocarbonyl-
3-butenoic acid methyl ester) improves physical and thermochemical properties of 
PAN precursor compared to P(AN-AA-MA) terpolymers. Conclusions  were based on 
the comparison of energy consumption, solubility, spinnability and cyclisation 
temperature of PAN, P(AN-co-ABM) and P(AN-AA-MA) [9, 10]. 
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1.2.3.2 Effect of spinning dope solvent 
Spinning solvent plays an important role as significant as polymer composition. 
A good dope preparation solvent dissolves polymer by decreasing strong dipole-
dipole momentum between cyanide groups [77-79]. Moreover, to achieve a desired 
and uniform morphology it must dissolve a high concentration of polymer 
(polymer/solvent ratio), prevent phase separation, maintain acceptable injection 
viscosity and good coagulation behaviour [70, 73, 76, 80].  
Various solvents such as H2O/NaCNS, H2O/HNO3, H2O/dimethylacetamide 
(DMAc), ZnCl2 solution, dimethylformamide (DMF), (DMAc) and Di-methyl sulfoxide 
have been reported as desired solvents for spinning dope preparation [18]. Recently, 
DMF and DMSO are being used widely, due to their significant abilities of applying 
intermolecular forces between carboxyl, nitrile and ester groups [15, 51, 61, 65]. 
Compared to the other solvents, DMF and DMSO represent the highest 
intermolecular forces between copolymer and solvent than the other solvents which 
leads to a higher chains orientation in fibre [76], although their behaviour depends 
on the temperature of the dope and coagulation bath.  
1.2.3.3 Concentration of dope 
The concentration of the polymer dope plays a key role in morphological and 
mechanical properties of fibres. Low polymer concentration of the extruded dope 
results in a wet-spun fibres with high void fraction which affects density and 
mechanical performance of fibres. In order to decrease the void size, it is essential to 
consider an optimum solid content in the extruded dope [71] . Knudsen [71] reported 
a notable change in density of fibre from 0.45 to 0.52 gr/cm3, by increasing solid 
content of the dope from 20 to 27.5wt%. As presented in Figure 1-13, at the same 
coagulation condition, the lower dope concentration leads to the higher void fraction 
in the fibre. 
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Figure 1-13 Effect of solid content of spinning dope on formation of voids and 
density of the wet-spun fibre; spinning dope is PAN in DMAc and the dope 
temperature was 50oC [71] 
Since other parameters such as dope temperature and coagulation bath 
composition change fibres morphology, researchers reported different dope 
concentrations to achieve the desired morphological and mechanical properties. For 
example, a 17.72% of PAN-DMSO solution was spun by Peng et al [61], 17% polymer 
solution in DMF was used by Mikolajczyk and Krucinska [81]. 
1.2.3.4 Temperature of spinning dope 
Rheological behaviour of the spinning dope is strongly related to the dope 
temperature and to control the spinnability of the dope a temperature range 
between 25 and 120oC might be selected by manufacturers [1]. Higher dope 
temperature reduces its viscosity and ease the injection of the dope from fine 
spinneret holes however, to achieve a fibre with desired physical properties it is 
required to maintain a steady viscosity range of dope. Since the steady viscosity range 
can vary with molecular weight, solid content of dope, solvent and dope temperature 
a range of steady spinning viscosities have been reported. Morris [51] reported 80 
Pa-sec as a steady viscosity value for 1 1/sec shear rate for a range of 16 to 20 wt% 
of 25000 g/mole P(AN-MA) copolymer in DMAc solvent. In comparison, increasing 
molecular weight of the same copolymer to 1.7 million g/mole resulted a 70-250 Pa-
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sec steady viscosity range for 6wt% dope at 1 1/sec shear rate and 25oC. Above 
mentioned values are reported for dry-jet spinning, however, the dependency of 
spinning viscosity to a number of parameters is clearly shown. As a result, it is 
important to control the dope temperature to achieve a steady and spinnable range 
to achieve a uniform fibre morphology. 
1.2.3.5 Solvent/non-solvent ratio in coagulation bath 
Based on thermodynamic rules a mass transfers between two solutions 
regarding its chemical potential and an equilibrium condition happens when the 
chemical potentials of one substance in two phases equilibrate [82]. Theoretically, 
the best condition for increasing the speed of wet-spinning is to use a pure non-
solvent in the coagulation bath. However, lack of solvent in coagulation bath leads to 
a very rapid solvent transfer from fibre to coagulation bath, which makes the 
coagulation process uncontrollable and damages the uniformity of fibre. To control 
mass transfer rate a mixture of solvent and non-solvent is always preferred in 
coagulation bath [60, 61, 70, 83, 84]. Ratio of solvent/non-solvent in the coagulation 
bath must be controlled to achieve desired fibre morphology with the fastest possible 
spinning speed.  Similar to dope temperature, composition of coagulation bath may 
vary based on different bath temperature and solvent type. Peng et al. [61] reported 
a DMSO/water coagulation bath containing 43, 61, 70 and 73wt% DMSO. Results 
showed increasing solvent concentration (DMSO) from 43 to 73wt% improve fibre 
cross-section from a kidney into a circular shape. Furthermore, increasing solvent 
content in coagulation bath decreases skin-core structure and based on their 
findings, the amount of  coagulation bath solvent should be controlled between 60 
to 73wt% to produce a circular fibre with less skin-core effects [61]. 
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Figure 1-14 Effect of different solvent/non-solvent ratio in the coagulation bath on 
fibres' cross section and surface structure [61] 
As shown in Figure 1-14, two different issues were occurred at low and high 
solvent concentration in coagulation bath, the first issue is extruding bean shape fibre 
cross section due to low concentration of solvent in the bath (high mass transfer rate) 
and the second issue is re-dissolution of fibre in the bath due to the high solvent ratio. 
Another study conducted by Dong, Wang and Cao [70] set coagulation bath 
temperature at three conditions; 40, 50 and 60oC and concentration 60, 65 and 70 of 
DMSO/water wt./wt. Since the mass transfer in the coagulation bath is controlled by 
adjusting solvent/non-solvent ratio, number of studies have measured and reported 
diffusion coefficients for a DMF-water binary system at different bath compositions.   
Table 1-1 Ranges of diffusion coefficients (D) of solvent and non-solvent parts in 
coagulation bath [57] 
Polymer Solvent Coagulation bath (wt/wt) Temperature (
oC) D (cm2/s) 
PAN homopolymer DMF DMF/water  (60/40) 10 
DDMF: 4.2 
Dwater: 1.2 
PAN homopolymer DMF DMF/water  (0-70 DMF) 30 
DDMF: 2.9-6.2 
Dwater: 2.4-5.2 
PAN homopolymer DMF DMF/water  (0-70 DMF) 10-30 
DDMF: 2.6-16.5 
Dwater: 5.0-14.5 
PAN homopolymer DMF Water 30 DDMF: 5.95 Dwater: 5.2 
 
As can be seen in Table 1-1, diffusion coefficients of DMF and water are close 
to each other while the coagulation bath contains pure water (5,95 for DMF and 5.2 
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for water). Then, in a 100% water in coagulation bath, water diffuses into the fibre 
with the same rate of diffusion of DMF from fibre to the bath. With the same rate of 
mass transfer a circular cross-section of fibres with high number of voids is expected. 
Adding solvent (DMF) into the coagulation bath increases the ratio of DDMF/Dwater to 
2.58 at the same bath temperature (30oC) and moderates the rate of mass transfer 
to control the rate of coagulation.  
1.2.3.6 pH of coagulation bath 
Another parameter that can control the diffusion coefficient is pH of the 
coagulation bath. Reducing pH of the bath changes shape of fibre’s cross-section 
from a circular into a bean shape through applying a higher mass transfer driving 
force [85]. Figure 1-15 shows the effect of coagulation bath pH on fibre’s cross 
section. 
 
Figure 1-15 Effect of coagulation bath pH on cross section of wet-spun fibre [85] 
Often change in the pH of coagulation bath is not used to control the rate of 
mass transfer, however, effect of coagulation bath pH on cross-section of the fibre 
must be studied prior to introducing a new bath composition. 
1.2.3.7 Temperature of coagulation bath 
Two different solvents (DMF or DMSO and water) have shown different 
behaviours at different temperatures. Diffusion coefficient of DMF from fibre into 
bath decreases by temperature increase. Consequently, mass transfer flux from fibre 
into the bath is being higher than mass transfer flux of water into the fibre [71] and 
fibre shape changes from a circular from into a nephroid form [76]. In other word, 
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transfer rate of DMSO from fibre into the coagulation bath become higher than water 
into the fibre. On the other hand, temperature decrease leads to conversion of 
polymer solution into a gel state, as soon as it enters the coagulation bath and 
therefore mass transfer rate in two sides is decreased and fibre residence time in 
coagulation bath is increased. In order to decrease residence time, coagulation bath 
temperature should be increased, however the mechanical strength of PAN fibre will 
be reduced due to increasing void fraction. Using a very low bath temperature is 
desirable for a slow coagulation process and high strength fibre, but it requires a long 
residence time.  
 
Figure 1-16 The effect of coagulation bath temperature of fibres cross section and 
void structure; coagulation bath DMSO concentration 60 V% and temperature for 
a1 and a2: 10oC, b1 and b2: 25oC, c1 and c2: 40oC and d1 and d2: 55oC [76] 
Figure 1-16 shows the effects of different coagulation bath temperature on the 
shape of fibre’s cross section demonstrating that higher coagulation temperature 
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(55oC) resulted in a perfectly round fibre cross section. Both temperature of 
coagulation bath and ratio of solvent/non-solvent have the same effects on mass 
transfer between fibre and bath. In summary, all changes applied in solvent/non-
solvent ratios of the coagulation bath is to control the mass transfer rate and 
consequently, the fibre cross section morphology and density.  
1.2.3.8 Effect of jet-stretch and drawing ratio 
Stretching PAN fibre during or after spinning is critical to  improve orientation 
and alignments of polymer chains [1, 15, 18]. This  was not noted until Watt [86] 
studied the influence of fibre stretching  on carbon fibre properties. Stretching 
normally happened due to shrinkage of fibre at high temperature, but it can be 
controlled to produce a fibre with more uniform mechanical properties [87]. 
Additional stretch during spinning process (after coagulation) at higher temperature 
can increase molecular orientation and mechanical strength of fibre [59, 60, 88]. 
Several studies in literatures are looking into various processing and materials 
condition during spinning and its effect on fibre properties. A brief summary of some 
of these findings are listed in to summarise the reviewed articles, Table 1-2. 
Table 1-2 Summary of some important findings on the influence of materials and process 
parameters on fibre properties. 
Precursor / 
Ref. 
Process conditions Evaluation 
techniques 
Results 
PAN 
homopolymer 
[45] 
Solvent: DMF 
Xdope:18 and 20wt% 
Additive: 2.5wt% Acrylamide  
Spinneret: 200 µm 
Xc.b.: Water 
Tc.b.: 13, 15, 17 and 19oC 
Jet stretch ratio: 4 
SEM 
Mechanical 
properties 
 
18wt% dope → Nano-sized 
voids 
20wt% dope → Nano-sized 
cracks 
18wt% dope → higher Young’s 
modulus 
20wt% dope → higher tensile 
@ lower coagulation bath 
temperature 
PAN 
homopolymer 
[46] 
Solvent: DMF 
Xdope: 18wt% 
Additive: 2.5wt% Acrylamide  
Spinneret: 200 µm 
Xc.b.: Water 
Tc.b.: 17oC 
Jet stretch ratio: 4 
SEM 
FTIR 
Mechanical 
properties 
 
@ tres. = 3 → The ﬁnest ﬁbre 
@ tres. = 3 → Higher Young’s 
modulus 
@ tres. = 3 → Higher molecular 
orientation 
 
PAN 
homopolymer 
Solvent: DMAc 
Xdope: 20, 25, 27.5wt% 
Density 
measurement 
↑ Xdope → ↑     Density 
↑ Xdope → ↑↑ Homogeneity 
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[71] Spinneret: not known 
Xc.b.: Water/DMAc (60/40, 
45/55, 30/70) 
Tc.b.: 0, 10, 30, 55 and 70oC 
Jet stretch: 0.5, 1, 1.5, 2 
 
OM 
SEM 
Mechanical 
properties 
↑ Xdope → ↑     Tenacity 
↑ Xc.b.    → ↑     Density 
↑ Xc.b.    → ↑     Surface area 
↑ Xc.b.    → ↑     Homogeneity 
↑ Tc.b.    → ↓↓ Density 
↑ Tc.b.    → ↓↓ Surface area 
↑ Tc.b.    → ↓     Circularity 
PAN 
homopolymer 
[89] 
Solvent: DMSO 
Xdope: not known 
Spinneret: 1000 holes, 0.06 mm 
Xc.b.: Water/DMSO (65/35) 
Tc.b.: 60oC 
Text.: 70oC 
Tdrying: 70oC 
Jet stretch: 0.7, 0.75, 0.9, 0.95 
and 1 
Shrinkage 
test 
XRD 
Electron 
Microprobe 
Analysis 
Mechanical 
properties 
↑ Jet stretch → ↓ Die-swell 
ratio 
↑ Jet stretch → ↑ Shrinkage 
↑ Jet stretch → ↑ Crystallinity 
↑ Jet stretch → ↑ OrientaƟon 
↑ Jet stretch → ↑ Tenacity 
↑ Jet stretch → ↑ Crystal size 
↑ Jet stretch → ↓ porosity 
 
PAN 
copolymer 
[90] 
Solvent: DMSO 
Xdope: 20wt% 
Spinneret: 3000 holes, 65 µm 
Xc.b.: Water/DMSO (32/68) 
Tc.b.: 60oC 
Jet Stretch ratio: 0.9, 1.5, 2.2, 2.8 
OM 
SEM 
XRD 
↑ Jet stretch ratio → ↓ 
Circularity 
↑ Jet stretch ratio → ↓ 
Diameter 
↑ Jet stretch ratio → ↓ Void 
fraction 
↑ Jet stretch ratio → ↑ 
Orientation  
PAN-PVAc 
copolymer 
[68] 
Solvent: DMAc 
Xdope: 27.5wt% 
Spinneret: 100 holes, 0.0003 in 
Xc.b.: Water/DMAc (45/55) 
Tc.b.: 0 - 80oC 
Td.b.: 100 oC 
Dry roller T: 110 or 140oC 
Draw ratio: 2 -8 
OM 
SEM 
XRD 
Tensile test 
 
↓    Tc.b. → ↑ Network density 
↓    Tc.b. → ↓ Crystallinity  
↑    Tc.b. → ↑ OrientaƟon 
↑    Tc.b. → ↓ Tenacity 
↑    Tc.b. → ↓ Modulus 
↑    Stretching → ↑ 
Crystallinity 
↑    Drawing ratio → ↑ 
Orientation 
PAN 
copolymer 
[61] 
Solvent: DMac 
Xdope: 17.72wt% 
Spinneret: 80 µm 
Xc.b.: Water/DMSO (43, 61, 70 & 
73) 
Tc.b.: 50oC 
Stretch ratio: 0.9 
OM 
SEM 
XRD 
Sound 
velocity 
meter 
↑   Xc.b. → ↓ DDMSO 
↑   Xc.b. → ↓ DH2O 
↑   Xc.b. → ↑ Circularity 
↑   Xc.b. → ↓ Surface defects 
↑   Xc.b. → ↑ Core-shell 
structure 
↑↑Xc.b.→ ↓ Core-shell 
structure 
PAN 
copolymer 
[62] 
Solvent: DMSO 
Xdope: 20wt% 
Spinneret: 1000 holes, 0.06 mm 
Xc.b.: Water/DMSO (35/65) 
Tc.b.: 40 - 70oC 
Density 
measurement 
Electron 
Probe Micro-
Analyser  
↓   Tc.b. → ↑ DDMSO → ↓ 
Diameter 
@   Tc.b.=50oC → Higher 
circularity 
@   Tc.b.=50oC → Higher 
density 
PAN 
copolymer 
[70] 
Solvent: DMSO 
Xdope: ? wt% 
Spinneret: ? 
Xc.b.: Water/DMSO (60, 65 and 
70%) 
Tc.b.: 25, 35, 40, 50 and 60oC 
Minus stretch ratio: 0, -10 and -
20% 
SEM 
XRD 
Elemental 
Analyser 
Mechanical 
properties 
↑ Tc.b. → ↑ Degree of 
crystallinity 
↑ Tc.b. → ↓ Crystal size 
@ Xc.b.= 65% → Higher 
tenacity 
@ Xc.b.= 65% → Higher 
crystallinity 
@ Xc.b.= 65% → Smaller crystal 
size 
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P(AN-VAc-
Sodium 
methallyl 
sulphonate) 
[91] 
Solvent: DMAc 
Xdope:22wt% + 5wt% additive 
Additives: secondary cellulose 
acetate, PVAc, PVP, glycerol 
Spinneret: 120 holes, 0.08 mm 
Xc.b.: Water/DMAc (45/55) 
Tc.b.: 10 - 60oC 
Td.b.: 100oC 
Stretch ratio = 5.6 
Tdrying: 145 - 150oC @ steam 
OM 
WAXD 
Density 
measurement 
SEM 
Mechanical 
properties 
Glycerol → ↓ Viscosity 
Cellulose acetate → ↓ Viscosity 
Polyvinyl acetate → ↑ Viscosity 
Polyvinyl pyrrolidone → ↓ 
viscosity 
↑ Tc.b. → ↑ Fibre circularity 
↑ Tc.b. → ↓ Fibre density 
↓ Tc.b. → ↓ Crystallinity 
↓ Tc.b. → ↓ OrientaƟon 
↓ Tc.b. → ↑ Tenacity 
PAN 
copolymer 
[63] 
 
Solvent: DMSO 
Xdope: 20wt% 
Spinneret: 1000 holes, 0.06 mm 
Xc.b.: Water/DMSO (40/60, 
30/70, 45/55, 50/50, 60/40, 
70/30) 
Tc.b.: 30, 40, 50, 54, 57, 60oC 
Minus Jet stretch ratio: -0.2, -0.3, 
-0.4, -0.5, -0.55 
SEM 
Mechanical 
properties 
 
 
↑ Tc.b. → ↑ Boundary growth 
rate 
↑ Tc.b. → ↓ Fibre density 
↑ Tc.b. → ↑ ElongaƟon 
↑ Tc.b. → ↑ Circularity 
@ Tc.b.=50 → Higher tenacity 
↑ Xc.b. → ↓ Boundary growth 
rate 
↑ Xc.b. → ↑ Fibre density 
 
Finally, to further improve PAN precursors properties a set of post-spinning 
modification is inevitable as suggested  by the different research groups [1, 11-13, 
15, 16, 92]. Post-spinning or pre-stabilisation modification of precursor fibres are 
considered as a solution to reduce some occurred defects on surface of fibres during 
wet-spinning process, improve orientation of crystalline chains and reduce energy 
consumption of conversion process. These approaches are discussed in the below 
section. 
1.3 Chemical treatment of precursor fibres  
Chemical treatment of precursor polymer and fibre before or after spinning 
have been considered as a solution to enhance physical or chemical properties of 
fibres [11, 85]. Since entanglement of polymer chains during formation step resulted 
in weak mechanical properties, adding some spinning-dope additives such as 
cellulose acetate, glycerol and polyvinyl acetate [91] was proposed as a solution to 
improve rheological behaviour of dope. Moreover, to reduce stabilisation 
temperature of fibres and increase mechanical properties, chemical treatment in 
spinning baths are considered as a complementary technique [14, 64, 93, 94]. 
Chemicals such as potassium permanganate, benzoic acid, succinic acid, zinc chloride 
and DMF [11, 13, 14, 21, 22, 24] was introduced to reduce energy consumption of 
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stabilisation process by reducing the reaction peak temperature and to relax 
polymeric chains  during the hot-stretching step and increase fibres mechanical 
properties [11, 12, 16, 23, 91, 92]. In the next sections, these two chemical treatment 
approaches are described in details. 
1.3.1 Adding additives to the spinning dope 
Most of earlier studies on using additives into spinning dope are focused on 
improving rheological behaviour of polymer solution to achieve precursor fibres with 
higher mechanical performance. One of the first attempts to improve physical and 
chemical properties of precursor fibres was adding chemical additives directly to the 
spinning dope and spin the polymeric blend into  the fibres [91]. Back then the most 
used additives were cellulose acetate, glycerol and polyvinyl acetate [91]. After the 
increase in use of porous carbon materials, sacrificing polymers such as Maleinic acid-
modified polyethylene (MLDPE) and phenol formaldehyde polymer (PF) were 
employed to prepare well-aligned pores across the carbon fibres length [95]. Figure 
1-17 shows axial pores after addition of MLDPE into the spinning dope and 
morphology of fibres after carbonisation.  
Figure 1-17 Adding MLDPE to precursor fibres to generate aligned axial pores in 
carbon fibre 
Recently, influence of addition of Nano-materials such as graphene [96] and 
carbon Nano-tubes [40, 83, 97] into the spinning dope on mechanical properties, 
electrical and thermal conductivity of carbon fibres have been studied.   
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Figure 1-18 Proposed mechanism for templating effect of carbon Nano-tubes on 
PAN crystallites growth on CNT’s surface [83] 
Despite all advantages of using dope additives and Nano-particles on 
rheological and mechanical properties of precursor and carbon fibres, preparation of 
a homogeneous spinning dope, which ensures production of uniform fibres is still a 
challenge. Phase separation of added phase in a polymer blend after change in sheer 
rate, temperature as well as agglomeration of nanomaterials used are some of the 
challenges that one can encounter when using the dope additives. 
1.3.2 Post-spinning treatment of precursor fibres 
Some research groups proposed an additional post-spinning treatment to 
improve mechanical performance  of fibres and eliminate the structural  defects that 
might be observed after spinning process [11, 22]. Post-spinning treatment 
approaches can be categorised as below: 
- Treatments  through resin coating  such as silicon based oil or fatty acid 
derivatives to moderate cyclisation exothermic reaction and to modify fibre 
surface morphology [11, 15] 
- Using reagents such as acid, organic bases, inorganic compounds to act as 
initiators  for cyclisation reaction [11, 12, 15, 24]  
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- Post-spinning stretching with a plasticizer such as di-methylformamide (DMF), 
CuCl or steam to improve molecular structure and alignment  of PAN [11, 15, 
24, 59, 60] 
Usually, one post-spinning treatment including one of the above modification 
approaches is used. However, in some cases two post-spinning steps such as hot-
stretching together with chemical treatment is used , which is called as the  bi-
modification of the precursor [24].  
Different types of chemicals have been used for chemical treatment process [1, 
11-13, 24, 48, 92, 98] and several studies demonstrated that an adequate chemical 
for post-spinning chemical treatment should be easy to diffuse into the fibre and 
decrease energy consumption of thermal stabilisation steps. In the following 
sections, three post-spinning approaches will be discussed in details and the reasons 
for using each type of chemicals will be explained. 
1.3.2.1 Modification through coating 
Fibre coating with a lubricant reduces entanglement and fibre-to-fibre 
adhesion, improves inter-fibres cohesion and decreases surface defects due to 
entanglement of fibres. Moreover, some lubricants moderate intense cyclisation 
exothermic energy release of PAN [11, 15] and reduce energy consumption of 
stabilisation. The main reported lubricant chemicals are silicone based oil such as 
dimethyl polysiloxane, water-polyethylene-glycol-poly(dimethylsiloxane), 
poly(dimethyl amine siloxane) [11]. Since post-spinning coating does not require a 
long exposure time and the whole process can be handled by using only one 
additional bath, it has become a favourite chemical treatment process in many fibre 
production processes and is known as spin finishing step. The main goal of spin 
finishing step is to reduce fibre-to-fibre entanglement and make them easier to 
unwind for further processing.   
1.3.2.2 Catalytic modification 
Some chemicals such as transition metals or organic compounds can start 
cyclisation process at a lower temperature and moderate heat release of polymer 
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during cyclisation process [11, 12, 23, 24]. The cyclisation mechanism starts by 
providing an anionic electron source for carbon atom in carbon-nitrogen bond in  PAN 
macromolecule and  weakening the [-C≡N] bond which  finally leads to the opening 
of one of the bonds in [-C≡N] groups and resulting a series of cyclised rings [11, 23, 
24]. This mechanism is illustrated in Figure 1-19. 
NN N N N
NN N N Nx
 
Figure 1-19 Mechanism of catalytic cyclisation of PAN in the presence of OH- [11] 
As it is shown in Figure 1-19, the main idea of the mechanism that called “base 
induced” cyclisation is providing the required electron for carbon atoms for [-C≡N] 
bonds, weakening this bond and as a result, a high-density electron cloud is appeared 
around the nitrogen atom. The nitrogen atom with higher electron density is 
absorbed by the side carbon atom (that has a partially positive charge) and a series 
of cyclisation reactions are started [11, 12]. The similar approach were reported by 
Mittal et al. [12] to reduce the cyclisation reaction energy using  succinic anhydrous, 
succinic acid and acetic acid.  
 
Figure 1-20 Proposed mechanism for assisted cyclisation of PAN with acetic acid 
X- 
CHAPTER 1   LITERATURE REVIEW 
 
46 
 
Similar to the base induced cyclisation mechanism, organic acids can provide 
enough electron to cyanide groups and initiate cyclisation reaction [24] in an electron 
donation mechanism which is presented in Figure 1-20. 
Another research conducted by Mathur et al. [23] represented the positive 
effects of benzoic acid and potassium permanganate treatment on the energy 
consumption. The following mechanism is illustrated for potassium permanganate 
treatment.  
ܭܯ݊ ସܱ
ுమை
ሱ⎯ሮ  ܭା + ܯ݊ ସܱି Equation 1-1 
 
 
 
Figure 1-21 The proposed mechanism for permanganate pre-oxidation reaction [23] 
Generally, presence of an anionic charge increases the possibility of cyclisation 
reaction and results in a higher degree of conversion at lower temperature.  
Recently Maghe et Al. [5] reported post-spinning treatment of PAN fibres using 
1-butyl-3-methylimidazolium acetate (bmim-Ac) and demonstrated the influence of 
ionic liquid on reduction of stabilisation peak temperature and increasing extent of 
stabilisation reaction. Figure 1-22 shows the schematic mechanism of assisted 
cyclisation by bmim acetate. 
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Figure 1-22 Chemical structure of bmim acetate (left) and the proposed mechanism 
for the assisted stabilisation (right) 
Figure 1-23 presents mass density of stabilised fibres at different thermal zones 
and compares both control and impregnated results with a standard sample.  
 
Figure 1-23 Effect of post-spinning chemical treatment of PAN fibres using bmim-Ac 
on mass density of stabilised fibres 
As shown in Figure 1-23, mass densities of partially and fully stabilised fibres 
were selected as the key factor to compare weight loss behaviour of samples. 
1.3.2.3 Modification through stretching 
Several studies have reported  the effectiveness of post-spinning stretching on 
molecular orientation of PAN precursor and mechanical properties of manufactured 
carbon fibre [11, 15, 16, 22, 59, 60, 83, 90, 92]. Since smaller diameter of fibres results 
in much uniform bulk-surface (core/sheath) structure of fibre during stabilisation 
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process, stretching precursor fibres also enhance mechanical strength of fibre by 
decreasing diameter of fibre [37]. 
Generally, superheated vapour and hot air [99]  used as plasticisers in most of fibre 
spinning facilities however, some chemicals have been used as  plasticiser to increase 
size and orientation of crystallites and improve mechanical properties of fibres [13, 
14, 94, 100]. A chemical plasticiser must decline this dipole-dipole interaction and 
allow chains to align to the axis of fibre [13, 24]. Acetic acid and KMnO4 were 
introduced as two chemical plasticisers that can reduce dipole-dipole interaction 
between cyanide groups by the following mechanisms.   
 
Figure 1-24 Proposed plasticising mechanism of acetic acid and potassium 
permanganate [24] 
As seen in Figure 1-24, “MnO4-“or high electron density oxygen in acetic acid 
approach into the cyanide groups, weaken the strong interaction between [-C≡N] 
dipoles and allowed  them to move easier without deformation or defect. The same 
plasticising effect was described by immersing PAN fibre bundle in water/DMF 
solution [13] and plasticising the tow for further stretching.  
To conclude reviewed literature in chemical treatment section, a detailed list 
of different post-spinning materials and methods is represented in Table 1-3. 
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Table 1-3 Summary of previous key studies related to post-spinning treatment 
methods 
Precursor/ 
Ref. 
Process conditions Evaluation 
techniques 
Results 
PAN copolymer 
[12] 
Chemical treatment with 
aqueous solution of succinic 
acid  
Solution concentration: 5-
10% 
Post-spinning temperature: 
100oC  
Stabilisation: 250oC, 
1oC/min 
Carbonisation: 1500oC, 
100oC/min 
Graphitisation: 2500oC, 
100oC/min 
DSC 
TGA 
TMA 
Tensile 
FTIR 
Raman 
XRD 
Shift in reaction temperature and 
energy consumption 
High elongation during thermal 
stabilisation 
Decrease in carbon fibre diameter 
Increase the tensile strength of carbon 
fibre 
PAN copolymer 
[13] 
Post-stretching in three 
different aqueous solutions; 
DMF, DMSO, ZnCl2 and CuCl 
as plasticiser  
FTIR 
SEM 
WAXS 
Tensile 
 
Based on the mechanical properties, 
post-drawing for 10 seconds in 80% 
DMF solution has increased the 
mechanical properties of PAN fibre  
To prevent infusion, the maximum DMF 
concentration should be 30% and 
exposure time should be 1 min 
Post-drawing in DMF decrease skin/core 
problem 
PAN copolymer 
[24] 
Post-spinning modification 
by two different chemicals to 
achieve two different 
objectives; Acetic acid 
aqueous solution as 
plasticiser and potassium 
permanganate as cyclisation 
catalyst  
DSC 
TGA 
FTIR 
XRD 
Fibre samples treated by acetic acid or 
bi-modified by acetic acid and 
potassium permanganate showed the 
higher elongation than un-treated and 
potassium permanganate treated 
samples 
Post-treatment in permanganate 
aqueous solution at 85oC produced a 
pre-cyclised sample 
Higher mechanical properties achieved 
in the sample was treated in potassium 
permanganate 
PAN copolymer 
[23] 
Post-modification of PAN 
using potassium 
permanganate as plasticiser 
and cyclisation catalyst 
DSC 
TGA 
TMA 
SEM 
FTIR 
Higher exposure time between fibre and 
potassium permanganate resulted in 
higher elongation in the fibre 
Based on the FTIR spectra higher post-
treatment time up to 20 min increased 
the presence of conjugated nitriles 
Increasing the treatment time 
decreased the cyclisation start time, 
however, the lower activation energy 
was found for 20 min treatment 
PAN-AA 
copolymer [92] 
Post-treatment in 5% 
aqueous solution of 
sulphates of sodium, 
potassium, cobalt and nickel 
at 90oC 
DSC 
TGA 
TMA 
FTIR 
WAXD 
For polymers including acrylic acid co-
monomers, sulphates of alkali metals 
showed a greater effect on chemical 
structure than transition metal ions 
PAN copolymer 
[101] 
Radiation treatment by γ-
rays at room temperature 
and vacuum 
Isothermal oxidation in air at 
220oC or 250oC 
Gel%  
DSC 
TGA 
Tensile 
XRD 
Density  
↑ irradiaƟon dose → ↓ crystallinity 
Irradiation → ↓ cyclisaƟon energy 
Irradiation → ↓ reacƟon start 
temperature 
↑ irradiation dose → ↓ tensile strength  
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PAN copolymer 
[102] 
Crosslinking of the melt-
spinnable copolymer using 
UV- irradiation prior to 
oxidation step 
DSC 
FTIR 
SEM 
Tensile 
 
Mechanical properties of UV-irradiated 
fibres were not good 
UV-irradiation could not diffuse into the 
fibre structure and degree of cross-
linking was not similar from the surface 
to the core 
PAN 
Copolymer 
[103] 
Chemical modification of 
commercial PAN fibres with 
oleic acid 
SEM 
Tensile  
73% increase in tensile strength of 
carbon fibres 
PAN  
Copolymer 
[104] 
Chemical treatment of PAN 
in 10wt.% oleic acid in 
acetone and soaking for 
10min 
FTIR 
DSC 
XPS 
Stabilisation at lower temperature 
Increase in mechanical properties of 
carbon fibre 
PAN 
Homopolymer 
and copolymer 
[105] 
Different degrees of post-
spinning stretching in hot 
water at 97C 
SEM 
XRD 
FTIR 
DSC 
Increase in size and orientation of 
crystallites were observed because of 
post-spinning stretching however, 
homopolymer PAN showed the highest 
density, crystallite sizes and highest 
crystallinity. In comparison, PAN-MA-IA 
resulted in higher orientation of chains 
because of presence of MA in the 
polymer backbone. 
 
The most important concerns of post-spinning modification are how to 
impregnate the chemical into the fibre uniformly, to reduce core/sheath and residual 
stress issues. This can be identified as a gap in knowledge that must be filled by more 
research on wet-spinning or post-spinning modification. 
Although post-spinning chemical treatment has been introduced as an 
approach to enhance physical and chemical properties of precursor fibre, very slow 
rate of diffusion from the post-spinning bath into the fibre hinders the true potential 
of this approach [85]. Impregnating a smaller molecule into the fibre can enhance the 
diffusion rate and results in a much more uniform radial distribution. 
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Figure 1-25 Change of diffusion coefficient for dimethylformamide in polyacrylonitrile 
with distance from spinneret 
Based on presented trend for diffusion coefficient of DMF in PAN fibre, after 
coagulation of fibre, mass transfer from post-spinning bath into fibres is very slow 
even for DMF which is a solvent of PAN [85]. The slow diffusion coefficient of 
chemicals in post-spinning bath causes serious concern about the effectiveness of 
post-spinning chemical treatment as a possible solution to increase plasticity or to 
reduce stabilisation temperature of fibres in all cases [85]. Therefore, to achieve the 
higher mass transfer the longer chemical treatment is required which causes a 
radially heterogeneous distribution of chemical. The Non-uniform distribution of a 
chemical results in the following issues: 
- When a chemical agent is used as a plasticiser, non-uniform diffusion leads to 
a higher degree of stretching felt by outer polymeric chains of fibre and a 
residual stress remains in the fibres structure. The residual stress will then 
affect the mechanical properties of the resulting carbon fibre [12, 24].  
- Another expected issue occurs when a chemical agent plays a catalytic role in 
stabilisation process. In this case, core/shell structure develops due to non-
uniform distribution of catalyst from the surface to the bulk of the fibre and 
therefore, unequal degree of conversion is observed from the shell to the core 
of the fibres. The core/shell structure reduces the mechanical properties of 
fibre and must be eliminated. 
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- Finally, another reported problem has been found when a solvent is used as 
a plasticiser in post-spinning step. The main issue is fibres fusion due to their 
surface dissolution and converting to a single strand [13].  
Due to challenges listed above, application of chemical post-spinning treatment 
in industry is limited and therefore alternative techniques are required for a non-
destructive post-spinning treatment. 
1.4  Converting PAN precursor to carbon fibre 
In section 1-2 a detailed description of how precursor fibres are formed from 
spinning dope in wet-spinning process and mass transfer mechanism between 
nascent fibre and non-solvent part in the coagulation bath were discussed. Chemical 
treatment of PAN fibre was introduced as a potential approach to decrease 
temperature of stabilisation reaction and to reduce energy consumption of this step. 
As mentioned earlier, no “wholesale solution” can be offered to reduce energy 
consumption of stabilisation process and solution might vary based on individual 
material or process. Hence, it is essential to critically investigate the stabilisation 
process and design multiple approaches to solve high-energy cost of stabilisation 
process.  
Production of  carbon fibre is a stepwise thermal conversion process  which 
includes stabilisation of precursor fibres followed by  carbonisation of stabilised fibres 
[1, 29]. Figure 1-26 shows the proposed mechanism for oxidative stabilisation of PAN 
polymer and as it is shown, a sequence of cyclisation, dehydrogenation and oxidation 
reactions happen to convert PAN precursor to stabilised PAN fibres. PAN stabilisation 
is an exothermic reaction and to control the reaction and protect the fibres from 
over-oxidation, generated energy must be dissipated from the tows.  
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Figure 1-26 Proposed mechanism for stabilisation of PAN polymer 
Density of stabilised PAN fibres is relatively higher than PAN precursor [] as 
most of the nitrogen and hydrogen atoms are removed from the polymer and fibres 
are stretched during thermal conversion. 
1.5 Energy consumption of stabilisation process 
Stabilisation of PAN precursor specifies 22% of total cost of carbon fibres due 
to its massive energy consumption [5]. Therefore, change in energy efficiency of this 
process notably affect final cost of product. In section 1-2 and 1-3, previous chemical 
approaches to reduce energy consumption of stabilisation process were described. 
Previous studies were focused on reducing stabilisation temperature or accelerating 
reaction by changing precursor chemical composition or applying a chemical 
treatment in post-spinning bath to stabilise PAN fibre at lower process temperature 
and in a shorter time. In this section, increasing energy efficiency of stabilisation 
process will be introduced as a solution to target processing cost. Before describing 
the solution, an industrial stabilisation process for PAN precursor is described in 
details. 
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1.5.1 Stabilisation ovens 
Stabilisation of PAN in a centre to end oven at Deakin University Carbon Nexus 
facility is shown in Figure 1-27 [2, 4]. The stabilisation ovens include four thermal 
zones and temperature at each zone increases around 10oC to maintain the rate of 
stabilisation. To moderate the stabilisation reaction, each zone includes a number of 
passes inside [4, 38]. Number of passes in zones 1 and 3 are 6 passes and in zones 2 
and 4 are 5 passes. 
 
Figure 1-27 Schematic of stabilisation ovens comprising of four thermal zones 
Air at ambient temperature enters into the heating box, two heating elements 
heat up the fresh air, and a fan circulates the heated air to obtain a uniform 
temperature distribution inside the oven. In order to reduce energy consumption of 
process, a part of heated air recirculates inside each zone and the oxygen level in 
each zone is controlled by adjusting flow of the inlet fresh air. However, since HCN is 
one of the evolved fumes in the stabilisation reaction and it is extremely toxic and 
flammable [1], an optimised flowrate of inlet fresh air must be considered to sweep 
the evolved HCN and prevent any safety issue. Amount of required energy at this 
stage is limited to the consumed energy by heating elements, blower fans and driving 
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rollers however, safe ventilation of evolved fumes to the atmosphere requires a 
massive amount of energy. 
Different chemicals such as CO, CO2, HCN and NH3 released from the PAN 
polymer during stabilisation reaction [1] which have to be removed from the oven, 
safely. Accumulation of these toxic and dangerous fumes has multiple effects on 
stabilisation; such as intoxication of personnel due to inhalation of toxic gases, 
causing fire or explosion due to a very fast reaction of HCN or CO with oxygen. In 
order to sweep released fumes, a part of hot air inside the ovens transfers to the 
exhaust system and a stream of fresh make-up air entered to balance oxygen 
concentration of ovens.  
Due to presence of toxics in the exhaust flow, a decontamination step is 
required prior to exhaust it to the atmosphere. An additional abatement system is 
applied which in this case burns gas above 850oC to ensure all exhaust toxics are 
burnt. This system is shown in the Figure 1-27 as a burning chamber and a burner. 
Finally, flue gases are cooled down and vent to the atmosphere. Regarding the 
amount of produced fumes in four stabilisation zones and two low temperature and 
high temperature carbonisation furnaces a significant amount of energy is consumed 
in the abatement system to maintain a safe process. Since almost 48% of energy 
consumption of carbon fibre manufacturing process comes from stabilisation of PAN 
fibres, it is important to investigate the energy efficiency of stabilisation process.  
1.5.2 Recovering waste heat from the exhaust 
The exhaust stream is an available source of energy that is subjected to heat 
recovery research by a variety of techniques. Recovering thermal energy from the 
exhaust flow by adding an enthalpyc system (usually known as heat exchangers) have 
been studies in previous works [106-108]. Plate, shell & tubes, finned tubes and flat-
pipe heat exchanger can work at a wide range of process temperature and recover 
energy from the process[26, 27, 106, 108-110]. The simplest example of a heat 
recovery exchanger is recovering heat to preheat the inlet air of burner to increase 
fuel efficiency, which is shown in Figure 1-28.  
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Figure 1-28 Furnace gas recirculation design to preheat the inlet air of a gas 
burner[27] 
As  shown in Figure 1-28, the hot exhaust product exchanges the heat in a heat 
exchanger to preheat the burner inlet stream and increase the fuel efficiency of the 
system. Figure 1-29 shows the mechanical design of a flat heat pipe heat exchanger 
for recovering wasted radiated heat in steel manufacturing.  
 
Figure 1-29 A flat heat pipe heat exchanger for recovering energy from molten metal 
flow in steel industry [106] 
Based on above study, the flat pipe system can harvest 10kW energy from the 
molten metal flow without any direct contact with the medium [106].  
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However, recovering energy for preheating application is only useful when the 
thermal energy can be exported to the system. In many systems, such as fuel engines 
the recovered thermal energy cannot be applied in the system and it must be 
converted into another type of energy. Converting waste thermal energy into 
electricity using thermoelectric generators is another method to recover energy from 
the exhaust flow [111, 112].  Schematic of a thermoelectric generator is shown in 
Figure 1-30. 
 
Figure 1-30 Schematic of a complete thermoelectric system (left) and the output 
power of the pilot system vs exhaust flow rate (right) 
Thermal energy is converted into electricity in thermoelectric generators and 
can be transferred and applied in the system. Researchers showed a thermoelectric 
generator can generate a notable amount of 2.7kW power even in a narrow 
temperature difference of 100oC  between hot and cold side of the generator [111]. 
Beside all chemical structure modifications of polymer and chemical 
treatments of fibres, recovering waste energy in many industrial processes have been 
used to increase energy efficiency of the production process [26, 28, 107, 108]. In 
comparison, there is no report that shows the heat recovery approach in carbon fibre 
industry. Filling this scientific and technological gap can help to reduce carbon fibre 
cost by reducing energy consumption of the process. 
1.6 Concluding remark 
Several Studies have focused on different approaches to decrease cost of carbon 
fibres by reducing required energy for stabilisation of PAN based precursors. 
Controlling process parameters (Time-Tension-Temperature) of stabilisation process 
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was offered as a solution to process structurally desired stabilised fibres at lower 
temperature or in a shorter time [2-4, 33]. Besides changing processing parameters, 
changing precursor materials, adjusting wet-spinning variables, chemical treatment 
of dope, post-spinning treatment of precursor fibres and recovering wasted heat 
were offered as solution to decrease energy consumption of stabilisation step. 
Although chemical treatment in post-spinning bath has been recommended by 
several research groups as a method to pre-stabilise precursor fibre or to moderate 
exothermic heat release in stabilisation step, heterogeneous radial diffusion of 
chemicals into the fibre was mentioned as a major issue [11]. Moreover, previous 
researchers did not verify presence of chemicals in the fibres after chemical 
treatment and discussed the post-spinning effect based on change in weight of 
precursor after immersing tows in the bath. Despite the significant amount of 
research on effect of various chemicals or processing parameters on energy 
consumption of stabilisation, much research work is still required to understand the 
complex effect of diffusion of chemicals in the fibres. On the other hand, chemical 
treatment of precursor fibres during their formation in the coagulation bath has 
never been studied as a solution to achieve more uniform radial diffusion. Therefore, 
it is crucial to conduct detailed thermal and structural analyses on chemically treated 
wet-spun precursor fibres to understand diffusion of chemical agents into the fibres 
at different processing conditions. Moreover, previous studies have focused on 
optimising interfering process parameters of stabilisation process however, no 
research has been conducted to recover waste energy to increase energy efficiency 
and decrease processing cost. In summary, more research is required to understand 
a facile and cost effective method to reduce manufacturing cost of carbon fibres. 
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2 Chapter 2 - Materials and methods 
2.1 Materials and fabrication procedures 
2.1.1 Materials 
Two grades of Polyacrylonitrile (PAN) powders were used in this study to 
produce precursor fibres (i) homopolymer PAN (Mw~150,000) was purchased from 
Sigma and Poly (acrylonitrile-methyl acrylate-itaconic acid) copolymer was 
synthesised using RAFT polymerisation technique and provided by Commonwealth 
Scientific and Industrial Research Organisation (CSIRO), Waurn Ponds, Victoria, 
Australia. The ratio of monomers was 96.34wt.%, 2.47wt.% and 1.19wt.% for 
acrylonitrile, methyl acrylate and itaconic acid, respectively. Molecular weight and 
poly dispersity index (PDI) of the synthesised copolymer were ~238000 g/mole and 
2.05, respectively. The second sample was used as a near commercial copolymer 
sample. 
1-Ethyl-3-methylimidazolium acetate (EMIM-Ac) was purchased from Sigma, 
ammonium iron (II) sulphate and DMF were purchased from Ajax chemical and Chem-
supply, respectively and used as received. Figure 2-1 shows chemical structure of two 
chemicals that applied for chemical treatment of PAN fibres. 
 
 
Figure 2-1 Chemical structure of ammonium iron (II) sulphate (a) and EMIM-Ac (b); 
two used chemicals for chemical treatment of PAN fibres 
 
a b 
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Ammonium iron (II) sulphate, (ܰܪସ)ଶ ܨ݁ (ܵ ସܱ)ଶ is a water-soluble salt in 
coagulation bath and the reasons of using this salt is that sulphate ions act as a 
plasticiser, increasing the fibres stretchability and lead to a higher degree of 
orientation in resulting fibres. Moreover, sulphate ions can act as a cyclisation 
catalyst and decrease peak temperature of stabilisation reaction [92, 113]. 
Additionally, iron (II) act as a catalyst for cross-coupling reactions of polymeric chains 
including [C-H] backbone and can increase the graphitic content of carbon fibre [114-
116]. 
2.1.2 Spinning of PAN fibres 
A custom-built wet-spinning rig, including coagulation, washing, hot stretching 
and rinsing baths and hot-air drying units was used for fibre spinning process. Since 
the rig is designed to spin different precursor materials, a flexible position of rollers, 
baths and winder are considered. 
 
Figure 2-2 photo of the custom-built wet-spinning set-up used for this study; 
1: pump, 2: coagulation bath, 3: cold stretching rollers, 4: washing bath, 5: 
hot-stretching and rinsing bath, 6: hot-stretching rollers, 7: winding section 
and 8: speed controllers 
Table 2-1 includes details of the wet-spinning set-up as well as the experimental 
conditions used for wet-spinning of fibres. 
1 2 
3 4 5 
6 
7 
8 
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Table 2-1 Details of wet-spinning set-up and experimental conditions 
Parameter Value or range 
Spinneret specification 200 holes × 50um diameter 
Dope composition 18% homopolymer PAN in DMF 
15% copolymer PAN in DMF 
Polymer dissolution temperature 60oC 
Dope temperature ambient 
Feed rate 11 ml/hr 
Coagulation bath temperature  ambient 
Coagulation bath composition for control fibre 60/40 wt/wt DMF/water 
Washing bath temperature ambient 
Rinsing bath temperature ~75oC 
Steam drawing temperature 100oC 
Hot air drying temperature ~85oC 
 
Based on the literature review to avoid re-dissolution of PAN in coagulation 
bath, DMF/water ratio was considered as 60/40 weight ratio solution [13]. 
Temperature of the coagulation bath set at ambient temperature to moderate 
diffusion coefficient of water from the bath to the fibres and prevent formation of 
voids in the fibre [62, 91]. Wet-spun samples then stretched 1.3 times in hot water, 
dried at 85oC and kept at room temperature for 24 hours prior to analysis. 
2.1.3 Chemical treatment of precursor fibres 
Based on the literatures, two different chemicals were selected regarding their 
abilities to reduce peak temperature of stabilisation reaction. As Ammonium iron (II) 
sulphate and 1-ethyl-3-methylimidazolium acetate (EMIM-Ac) have different 
solubilities in DMF solvent, different chemical treatment approaches are required to 
be designed to achieve the desired results.  
Since solubilities of ammonium iron (II) sulphate and EMIM-Ac in PAN/DMF are 
different, treatment using each chemical will be described, separately. Ammonium 
iron (II) sulphate is a water soluble salt and it is immiscible in DMF and DMSO. In 
contrast, PAN does not dissolve in most of the known solvents and DMF and DMSO 
are two conventional solvents that have been  widely  used  in previous studies [13, 
61, 70, 76, 117, 118]. As dissolution of PAN and ammonium iron (II) sulphate blend in 
DMF or DMSO solvents is impossible, it is difficult to make a spinning dope containing 
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PAN, solvent and ammonium iron (II) sulphate for spinning. Therefore, ammonium 
iron (II) sulphate must be added into the spinning baths to chemically treat the fibres. 
To chemically treat PAN fibres with ammonium iron (II) sulphate, spinning dope 
including PAN/DMF were prepared and converted into fibres using wet-spinning 
process. Then, chemical treatment was applied on fibres using ammonium iron (II) 
sulphate: 
(i) in the coagulation bath, where ammonium iron (II) sulphate was added 
into the coagulation bath and fibres were chemically treated during 
their formation in the bath or  
(ii) in the post-spinning bath, where ammonium iron (II) sulphate was 
added into the post-spinning bath and fibres were chemically treated 
after their formation in the bath. Results of both prepared samples were 
compared to the control sample, which prepared with no chemical 
treatment. Table 2-2 shows details of prepared samples using 
ammonium iron (II) sulphate. 
Table 2-2 precursor fibre samples chemically treated by ammonium iron (II) 
sulphate 
Sample code Experimental condition description 
HCT Coagulation-treated fibre samples were spun from PAN homopolymer in a 60/40 (wt/wt) 
DMF/Water coagulation bath including 10 g/l ammonium iron (II) sulphate. 
HPT Post-treated fibre samples were spun from PAN homopolymer in a 60/40 (wt/wt) 
DMF/Water coagulation bath. Then, fibres passed through a post-spinning bath including 10 
g/l aqueous solution of ammonium iron (II) sulphate, continuously. 
CCT Coagulation-treated fibre samples were spun from PAN copolymer in a 60/40 (wt/wt) 
DMF/Water coagulation bath including 10 g/l ammonium iron (II) sulphate. 
CPT Post-treated fibre samples were spun from PAN copolymer in a 60/40 (wt/wt) DMF/Water 
coagulation bath. Then, fibres passed through a post-spinning bath including 10 g/l aqueous 
solution of ammonium iron (II) sulphate, continuously. 
 
In contrast, EMIM-Ac is highly soluble in PAN/DMF mixture and it is more 
beneficial to add this chemical into the spinning dope, directly. Adding EMIM-Ac to 
the spinning dope can eliminate the formation of core/sheath in precursor fibre, 
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which results a skin/core defect in stabilisation step, and reduce mechanical 
properties of carbon fibres. However, EMIM-Ac is soluble in water and there is a 
possibility of its partial dissolution in the spinning baths, which might reduce 
effectiveness of this treatment. Therefore, post-spinning chemical treatment method 
was considered as an alternative solution to obtain a comprehensive solution via 
EMIM-Ac. Since EMIM-Ac is an expensive chemical, using it in the coagulation bath is 
not economically viable.  
As such, two approaches were considered using EMIM-Ac; (i) to add EMIM-Ac 
to the spinning dope as a dope additive and (ii) to add it into the post-spinning bath. 
Since, there is no prior report on addition of EMIM-Ac into the spinning dope, an 
investigation on the influence of EMIM-Ac. To prepare the preliminary estimation, 
1% EMIM-Ac was added into the PAN-DMF dope and after 1-hour mechanical stirring, 
the solution was left to relax for a wet-spinning process. Then, the polymer dope was 
spun in a 60/40 DMF/water coagulation bath. The wet-spinning conditions used to 
prepare samples are listed in Table 2-1. 
Another set of samples was prepared by adding EMIM-Ac into the post-spinning 
bath. In this study, the ionic liquid content of bath and residence time of fibres in the 
bath are considered as two variables. Table 2-3 shows details of precursor fibre 
samples, which will be prepared by ionic liquid treatment in post-spinning bath. 
Table 2-3 precursor fibre samples chemically treated by EMIM-Ac 
Sample code EMIM-Ac concentration in bath (g/l) Residence time in bath (min) 
PS_0.5_2 0.5 2 
PS_0.5_5 0.5 5 
PS_0.5_10 0.5 10 
PS_1_2 1 2 
PS_1_5 1 5 
PS_1_10 1 10 
PS_2_2 2 2 
PS_2_5 2 5 
PS_2_10 2 10 
PS_5_2 5 2 
PS_5_5 5 5 
PS_5_10 5 10 
PS_10_2 10 2 
PS_10_5 10 5 
PS_10_10 10 10 
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Since solubility of ternary mixture of PAN-DMF-EMIM-Ac has not been 
investigated before and chemical treatment of PAN using EMIM-Ac is a novel 
approach, a broad range of IL concentration from 0.5 to 10wt% in post-spinning bath 
was considered in this study. Residence time of fibres were considered as 2, 5 and 10 
minutes to study the effect of short and long residence time of fibres in the bath. 
2.1.4 Stabilisation trials of PAN fibres 
In order to calculate energy efficiency of the stabilisation process of PAN 
precursor fibres, simulation of the industrial process with the highest possible 
accuracy is required. PAN precursor tows were stabilised using the continuous 
research line at Carbon Nexus, a dedicated carbon fibre and composite research 
facility at Deakin University. All required samples and process condition data were 
collected and used for the modelling of energy efficiency of PAN fibre stabilisation 
process in this study. The stabilisation ovens at Carbon Nexus consist of four thermal 
zones with different controlled temperature and tension values and each zone has 
multiple fibre passes. The number of passes in zones 1 and 3 are 6 passes and there 
are 5 passes in zones 2 and 4 which allow PAN tow to be gradually stabilised under 
desired tension at controlled temperature and airflow. An image of stabilisation 
ovens is shown in Figure 2-3. 
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Figure 2-3 carbon fibre manufacturing research line at Carbon Nexus consistng of 4 
stabilsiation ovens and two tension controlled zones 
Since collecting the exothermic temperature data of tows are extremely 
important to calculate the generated energy of PAN precursor during the 
stabilisation, this procedure will be described in details below.  
Stabilisation of PAN is an exothermic reaction and it releases a considerable 
amount of heat that increase tows temperature, notably. To protect the fibres from 
over-stabilisation and to prevent filaments from skin-core defect, a turbulent 
airstream flows over the tows to dissipate the released heat. However, temperature 
of tows in the ovens exceeds the oven temperature and to calculate the energy 
efficiency of oven the accurate value of tows temperature must be measured. 
Dunham and Eddie [119] established a technique by placing a thermocouple inside 
the tow and measuring tow temperature while the tow was subjected to the reaction. 
In the current study, PAN tow is stabilised in a continuous process by passing from 
zones and chambers with different temperature. In order to collect real-time 
temperatures data two k-type thermocouples are used. Thermocouple 1 is placed 
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inside the tow to collect the exothermic temperature data while thermocouple 2 is 
placed at the same length however, out of the tow with a small distance to its surface 
to collect the oven temperature data at the same length with the thermocouple 1. 
Figure 2-4 shows the schematic and image of the measurement set-up, used for 
exothermic temperature measurement.  
 
 
Figure 2-4 (a) Schematic drawing of position of two thermocouples inside and 
outside of tow to measure exothermic and air temperature data, (b) image of 
thermocouples attached to a 24k PAN tow, thermocouple 1 is inside the tow and 
number 2 is placed outside of tow  and (c) a 24k tow is entering the oven with two 
attached thermocouples 
Collected temperature data of tow and air will be used to calculate the 
exothermic energy of the reaction and find energy efficiency of the stabilisation 
process. 
2.2 Analysis procedure 
A series of analyses will be considered to investigate effects of spinning and 
post-spinning treatment on the precursor fibre. Analyses will provide all required 
a 
b c 
Thermocouple 2 
Thermocouple 1 
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information about the surface, morphology, mechanical properties, thermal 
properties, chemical structure evolution during the stabilisation and crystallinity of 
the produced precursor fibre.  
2.2.1 Electron microscopy techniques 
Surface morphology of the wet-spun fibres were investigated by a Zeiss-Supra 
55VP scanning electron microscope. Presence of Nano-size crystallites were observed 
by a JEOL 2100 FEG-TEM on ultrathin cross-sections of fibres. To prepare ultrathin 
sections of fibres, fibre samples were embedded in an epoxy resin and was mounted 
in Leica UC-6 ultramictorome instruments. After a number of trimming steps, 50nm 
sections were prepared using a diamond knife and were placed on lacey formvar TEM 
grids. Prepared sections were used for TEM imaging and further elemental analysis.  
The Energy Dispersive X-ray Spectroscopy (EDS) on TEM instrument, combined 
with a Scanning Transmission Electron Microscopy (STEM) method, carried out to 
track iron and sulphur ions on cross section of fibres. The same ultrathin fibres 
sections were investigated to evaluate the presence of iron and sulphur atoms after 
conducting different chemical treatment methods. 
2.2.2 Thermal analyses 
Differential scanning calorimetry technique (DSC Q-200) was carried out to 
study changes in onset and peak temperatures of precursor samples during their 
thermal degradation. DSC instrument was calibrated at the first test of the day with 
a sapphire crystal and calibration coefficients was applied on thermographs. For 
conventional ramp measurement all samples were placed in an aluminium PAN, 
heated up to 450oC by 10oC/min heating rate in air atmosphere. Moreover, 
modulated DSC analysis was applied to calculate specific heat capacity of PAN 
polymer at the simulated condition of stabilisation oven.  
2.2.3 Mechanical properties of fibres 
Mechanical properties of fibres were measured based on ASTM C-1557 14 using 
a “FAVIMAT+ AIRobot2”. Since mass density of fibres are required to calculate fibres 
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diameter, mass density of wet-spun and carbonised fibres were measured using a 
Quantochrome 1200 helium pycnometer. A 100cN load cell was used to measure 
force at break point of fibres, accurately. Linear density of fibres was calculated 
automatically by FAVIMAT instrument using a vibration resonance technique.  
2.2.4 Crystallographic properties of fibres 
A deeper investigation on physical properties of fibres were carried out by a 
Wide Angle X-ray Scattering (WAXS) on precursor, stabilised and carbonised fibres in 
Australian synchrotron centre located in Melbourne, Australia. WAXS was employed 
to investigate the effect of processing condition on sizes and orientation of 
crystallites in wet-spun, stabilised and carbonised PAN fibres. Two dimensional WAXS 
patterns then were analysed with Scatter Brain software provided by Australian 
synchrotron. Crystallite size and interlayer spacing were calculated using Bragg’s and 
Scherrer equations, respectively by considering 0.89 for the shape factor (K) [61, 70].  
To quantify illustrated graphs and measure the amount of improvement with 
and without chemical treatment and hot-stretching, interlayers spacing and 
crystallite sizes of different fibre samples were calculated based on Equation 2-1 and 
Equation 2-2, respectively: 
Bragg’s law:                             ݀ = ఒ
ଶ ௦௜௡ఏഁ Equation 2-1 
Scherrer formula:                    ܮ௖ = ௄ఒఉ ௖௢௦ఏഁ Equation 2-2 
Where d, Lc, K, λ and β are interlayers spacing, mean size of ordered crystals, 
shape factor (K=0.89 [70]), wavelength of X-ray instrument and Full Width at Half 
Maximum (FWHM), respectively. Moreover degree of crystallinity of hot-stretched 
fibres were calculated based on Equation 2-3[120]: 
ܺ௖ = ܣ௖௥௬௦௧௔௟௟௜௡௘ܣ௖௥௬௦௧௔௟௟௜௡௘ + ܣ௔௠௢௥௣௛௢௨௦ Equation 2-3 
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In order to calculate axial orientation of crystallite, azimuthal averages of 2D-
WAXS patterns were extracted and Herman’s orientation factors were  calculated 
based on the orientation distribution function [59]: 
< ܿ݋ݏଶߚ(ଵ଴଴) > =  ∫ ܫ(߮)ܿ݋ݏଶ߮ݏ݅݊߮݀߮గ଴
∫ ܫ(߮)ݏ݅݊߮݀߮గ଴  Equation 2-4 
Where, ߚ(ଵଵ଴) is the angle between the fibre axis and (1 0 0) plane of polymer 
chain, φ is the azimuthal angle and I(φ) is diffraction intensity. Herman’s orientation 
factor (fc) was calculated as below:  
 
௖݂ = 3 < ܿ݋ݏଶߚ > −12  Equation 2-5 
And finally average orientation angle <φ> based on Equation 2-5.  
2.2.5 Specific heat capacity measurement 
In order to simulate the stabilisation oven, dependency of specific heat capacity 
values to the temperature is required. Specific heat capacity of PAN fibre samples 
during stabilisation were measured by a modulated DSC method. Before each 
measurement, DSC was calibrated using a sapphire disc and the correction value was 
applied to the measured values. Accuracy of specific heat capacity is strongly related 
to three parameters: 
- sample Weight 
- Contact between DSC pan and sample 
- Calibration value of DSC at the same test condition 
Because maximum loading weight for PAN fibres in a DSC pan is below 6mg, to 
achieve a higher loading weight, samples were prepared in a pellet form by injecting 
dope into the pan. This preparation approach resulted in a higher loading weight and 
a better contact between PAN polymer and DSC pan. Therefore, a 14% PAN/DMF 
solution was prepared and casted in a DSC pan to keep its shape and to maximise the 
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contact between surface of polymer pellet and thermometer and minimise the error 
in specific heat capacity measurement as shown in Figure 2-5. 
 
 
 
 
 
An isothermal modulated DSC (MDSC) was carried on the sapphire sample and 
then Cp value was calculated for this isotherm. The obtained value was compared 
with the standard values in the literature and a correction factor was generated and 
applied for PAN samples. These correction factors were applied in calculation of 
specific heat capacity. 
As presented in Figure 2-5 PAN samples were prepared in pellet form and 
stabilised at 227, 238, 248 and 262oC in air atmosphere with 20 min residence time 
at each step and a cooling down step in between. As PAN reacts with air and losses 
weight, the weight loss of each sample at the same temperature, heating rate and 
atmosphere was measured using TGA instrument. Specific heat capacity of each 
sample were measured in an isothermal heating test in DSC instrument and data 
points were extracted or further mathematical processing. For example, the first 
sample was prepared by isothermal stabilisation of PAN at 277oC and weight loss of 
this sample during the reaction was recorded. Then, the stabilised sample at 227oC 
were used to a specific heat measurement at the next temperature zone which is 
238oC. The weight loss trend and the corresponding specific heat capacity values then 
were processed by multiplying weight of DSC samples by their weight change and the 
real weight of sample in the DSc PAN was obtained. The calculated weight was used 
as the new weight to calculate the Reverse Cp value. Finally, the new Cp values (the 
weight-change adjusted values) were multiplied by the sapphire correction factor to 
4th step at 262oC Precursor pellet  1st step stabilised 2nd step at 238oC 3rd step at 248oC 
Recording weight loss and specific heat capacity at each step 
Figure 2-5 Schematic of stabilisation of polyacrylonitrile pellet samples and measuring 
thermogravimeteric and thermochemical properties 
CHAPTER 2   MATERIALS AND METHODS 
 
71 
 
find the final specific heat capacity at each temperature. Table 4 shows the example 
calculation of specific heat of a sample. 
Table 4 example procedure of calculating Cp values using a combined TGA and MDSC 
test 
Isothermal TGA temp. A 
Weight change of TGA sample B 
Isothermal DSC temp. A 
Weight change on DSC sample C=DSC sample weight×B 
Cp measured by DSC D 
Cp calculated by applying sample weight change E=D/C 
Cp corrected by applying the sapphire correction factor Cp=E × correction factor 
 
2.3 Modelling procedure 
The alternative solution, which can increase energy efficiency of thermal 
stabilisation process is to recover wasted energy from the exhaust stream using a 
heat recovery unit. Increasing energy efficiency of the process includes two main 
stages: at the first stage amount of dissipated energy, form the exhaust stream must 
be calculated and then the next step is to design a heat recovery system to return the 
recovered energy into the system. The approach to design the heat recovery system 
will be presented in the following sections. 
2.3.1 Energy balance of stabilisation ovens 
A general overview of all input, output, generated and consumed energies is 
presented in Figure 3. Since temperature of oven, transferring tows and applying 
tension during the process are controlled by electrical heating elements and driving 
roller, electricity is the major energy consumption of the process.  
A general energy balance equation is shown in Equation 2-6 and each part is defined 
by the process annotations in the following equations. 
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ܧ௜௡ − ܧ௢௨௧ + ܧ௚௘௡௘௥௔௧௜௢௡ − ܧ௖௢௡௦௨௠௣௧௜௢௡ = ܧ௔௖௖௨௠௨௟௔௧௜௢௡  Equation 2-6 
ܧ௜௡ = ܧே.ீ. + ෍൫ܧோ.ி.௞ + ܧுா ,௞ ൯௞ୀସ
௞ୀଵ
 Equation 2-7 
ܧ௢௨௧ = ܧ௜௡௦. + ܧ௦௧ . + ෍(ܧ௥௘௛ .௞)௡ୀସ
௞ୀଵ
 Equation 2-8 
ܧ௦௧. = ܧே.ீ. + ܧ௘௫௛ . Equation 2-9 
ܧ௚௘௡ ,௧ = ෍൫ܧ௚௘௡ .௞൯௡ୀସ
௞ୀଵ
 Equation 2-10 
Where Ein, Eout, Egeneration, Econsumption and Eaccumulation are total input, output, generation, 
consumption and accumulation of energy (equal to zero) in stabilisation processes, 
respectively. For stabilisation process, the following energy sources are listed: 
ܧோ.ி.: Required electrical energy for recirculation fans to circulate the air hot air inside 
the oven. 
ܧுா : Required electrical energy to heat up the fresh air and control the temperature 
at each zone. 
ܧே.ீ.: Required natural gas for burning toxic fumes 
ܧ௘௫௛ : Wasted energy from stabilisation ovens to abatement system. 
ܧ௜௡௦ : Insulation loss. 
ܧ௥௘௛: Required energy for reheating tows at each stage which is equal to wasted 
energy from tows to exhaust and ambient air 
ܧ௦௧.: Transferred energy from abatement to the stack which is a combination of burnt 
natural gas and exhaust flow from the stabilisation ovens 
ܧ௚௘௡ .: Generated thermal energy during the exothermal reaction.  
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Equation 2-6 to Equation 2-10 present energy balances of the system and is the way 
to study the present state of the process. However, the current applied energy to 
stabilise fibres is higher than required amount, which is exhausting to the abatement 
system. In order to find how much energy is required for the reaction, the following 
equation were applied.  
2.3.2 Distribution of tows temperature 
In order to calculate temperature distribution of tows at each zone, each pass 
must be divided into 5 different heating segments with different heating conditions 
as shown in Figure 2-6. 
 
Figure 2-6 Schematic of heating segments of tow in a pass and ideal temperature 
distribution of tows at each pass 
The following heat transfer mechanisms are expected to occur at each segment: 
Segment 1: Due to small exhaust of hot air from the zone via the slits, the 
temperature at this segment is higher than ambient temperature and tows are 
preheated before entering the oven at each pass. 
Segment 2: At this segment, tows are introduced into the oven to heat up to 
the oven temperature in a forced convection heat transfer. The transferred energy 
from the oven heat up the tows until the exothermic reaction starts. 
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Segment 3: Due to the released exothermic energy, temperature of tows are 
higher than recirculation air temperature. Until now tows absorb enough energy to 
activate the exothermic reaction and now recirculation hot air flow cool down the 
tows to control the rate of reaction. 
Segment 4: while tows are passing the exhaust chamber, they cool down 
because of the airflow of exhaust fan. The forced convection airflow decreases 
temperature to stop the reaction immediately and prevent emission of any toxic 
fumes to the ambient. 
Segment 5: Temperature of tows are still slightly higher than the ambient 
temperature and a natural convection heat transfer happens out of the exhaust 
chamber and tows temperature reach to the ambient temperature.  
Temperature of tows at each segment will be calculated and considered as the initial 
temperature of the next segment. 
2.3.3 Calculation of convective heat transfer coefficients 
The first mechanism occurred in each zone is a heat transfer from the hot air to 
the cold PAN or partially stabilised PAN tows. When tows absorb a certain amount of 
energy (activation energy), the exothermic reaction starts and tows temperature 
exceeds the oven temperature. At this stage, the air plays a cooling role to dissipate 
the exothermic energy from the tows and maintain tows temperature close to the 
oven temperature. Temperature of air at each zone and air recirculation ratio are two 
main controlling parameters of rate of reaction at each zone. Following equations are 
required to calculate amount of transferred energy in the oven. Required energy for 
heating PAN precursor in each zone is calculated using Equation 2-11:  
   ݍ = ∑ ℎ௜ܣ௜൫ ௭ܶ.௜ − ܶ௠,௜൯ସ௜ୀଵ                                                Equation 2-11 
Where, h is convective heat transfer coefficient, A is surface area, Tz is the 
temperature of each zone, and Tm is mean temperature. Convective heat transfer 
coefficient (h) at each stage differ because of different convective heat transfer 
mechanisms. For example; in exhaust chambers air and tows cross each other which 
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forms a cross-flow. In comparison, tows pass through each zone parallel to the 
airflow, which results a parallel flow convection. Finally, no forced convection 
happens out of the oven and the only heat transfer mechanism is a cross-flow natural 
convection between ambient air and tows. Following schematic clarifies different 
mechanisms of convective heat transfer at different transfer stages in the oven. 
 
Figure 2-7 Flow pattern of hot and cold air inside the ovens and in the exhaust chambers 
As presented in Figure 2-8, cold air enters the exhaust chamber at the ambient 
temperature and then passes through hot tows, mixes with the leaving hot air from 
the adjustable slit at two sides of each pass and its temperature increases, gradually. 
Since the pressure of ovens are controlled slightly above the exhaust chamber 
pressure, a small amount of controlled leak is considered to control the concentration 
of toxic fumes generated inside the oven.  
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Figure 2-8 Flow pattern of air and tows in a cross-flow motion in the exhaust chamber 
Tows are preheated while they are passing through the exhaust chamber, the 
preheated tows enter the ovens, and the stabilisation reactions happens at higher 
temperature. Since the pattern of airflow is parallel to travelling direction of tows, 
convective heat transfer coefficient must be calculated using a different correlation. 
Figure 2-9 shows the schematic of tows and hot air at each pass.  
 
Figure 2-9 Flow pattern of tows and hot air in while travelling inside the ovens 
In order to find the correct amount of heat transfer regarding each flow direction, 
following correlations are applied.  
a) Convection in a cross-flow direction inside the exhaust chamber: 
Based on the Hilpert equation [109], Nusselt number for a cross-flow to a slab 
geometry can be calculated using Equation 2-12: 
ܰݑ = ℎݔ
݇
= 0.0228 ܴ݁଴.଻ଷଵ ܲݎଵଷ Equation 2-12 
This equation is widely used for Pr≥0.7 and 4000≤Re≤150000. 
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b) Convection in a parallel-flow direction inside the oven [109]: 
  ܰݑ = ௛௫
௞
= 0.037 ܴ݁రఱ ܲݎభయ                                                    Equation 2-13 
Where, Nu is Nusselt, Re is Reynolds and Pr is Prandtle numbers. 
c) Convection in a laminar natural convection in the ambient air out of the 
oven: 
The last step of cooling down process is a natural heat transfer in ambient air while 
tows are passing onto the rollers to transfer to the next zone. The convective heat 
loss occurred in a free convection model and the coefficient will be calculated from 
Equation 2-14. 
ܰݑതതതത௅ = 0.68 + ଴.଺଻଴ ோ௔ಽభర[ଵାቀబ.రవమ
ುೝ
ቁ
వ
భల]రవ                                                   Equation 2-14 
Where, Ra is Rayleigh number will be defined by Equation 2-15.  
 ܴܽ௅ = ܩݎ௅ ܲݎ =  ௚ఉ( ೞ்ି ಮ்)௅య௩ఈ                                                  Equation 2-15 
ܩݎ௅  is Grashof number, ߚ is coefficient of thermal expansion ௦ܶ is surface 
temperature,  ஶܶ  is ambient temperature, L is length of the object in free convection 
heat transfer ݒ is kinematic viscosity and ߙ is thermal diffusivity. 
Based on the calculated heat transfer coefficients the “m” values will be calculated 
for each segment based on the following equation: 
     ݉ = ௛஺
ఘ ஼೛௏                                                                     Equation 2-16 
Where, A is heat transfer area ߩ is density, cp is specific heat and V is volume of tow. 
Finally, equilibrium temperature of tows during heat transfer (without exothermic 
energy generation) will be calculated using the following correlation: 
          ܶ = ௙ܶ − ( ௙ܶ − ଴ܶ)݁ି௠௧  Equation 2-17 
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Where, Tf is final temperature at each zone T0 is input temperature of tows, t is 
heating time. 
In order to calculate temperature distribution of tows while they are passing 
through the stabilisation oven, process parameters listed in Table 2-5 are required. 
The “[]” sign stands for matrix data and uses for distribution of a property at different 
zones or passes. 
Table 2-5 Required input data for calculating energy efficincy of the stabilisation 
process 
symbol Description 
n_f Number of filaments in a tow 
n_t Number of tows fed into the oven 
v_t Spatial velocity of tows or feeding velocity (m/hr) 
[ρ_z] Density of fibres at each zone (kg/m3) 
[r_z] Radius of a single filament at each zone (m) 
L Length of oven (m) 
W Width of oven (m) 
W_f Width of fan chamber 
H Height of oven (m) 
w_t Width of a single tow 
[p_z] Number of passes at each zone 
M_ex Mass flowrate of exhaust (kg/hr) 
[ρ_a] Density of air at different temperature (kg/m3) 
T_r Ambient and reference temperature (oC) 
T_w Temperature of the external wall of oven (oC) 
[T_z] Set temperature at each stabilisation zone (oC) 
h_l Convective heat transfer coefficient of air in laminar flow (W/m-K) 
[cp_a] Specific heat of air at different temperatures (kJ/kg-K) 
[cp_p] Specific heat of PAN and stabilised fibres (kJ/kg-K) 
[k_air] Conductive heat transfer coefficient of air (W/m-K) 
[ν_air] Kinematic viscosity of air (m2/s) 
[Pr] Prandtle number for air inside the oven 
L_t Length of tows at each zone (m) 
t_z Travelling time of tows at each zone (min) 
β Expansion coefficient of air (1/K) 
L_o Length of tows out of oven (m) 
 
Using above known and calculated parameters, temperature of tows at pre-heating, 
transient, post-cooling and natural cooling sections will be calculated.  
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2.3.4 Calculation of exothermic energy release 
Exothermic energy release of fibre during oxidation will be calculated by measuring 
exothermic temperature of fibres inside the oven at each pass. As exceeding 
temperature of tows inside the oven is due to the exothermic reaction, difference 
between tows and air energy at each position is equal to the exothermic energy of 
stabilisation. Figure 2-10 shows how an exothermic energy release affects the 
temperature difference between fibre tow and airflow. 
 
Figure 2-10 Temperature of tow and airflow during the exothermic reaction 
Exothermic energy is observed in two forms; (i) dissipated energy and (ii) 
accumulated energy. Dissipated energy is the amount that transfer to the airflow and 
cannot be observed and accumulated energy is the portion that remains in the fibre 
and causes temperature rise. In order to calculate the accumulated energy, the 
following control volume and governing equation are considered.  
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Figure 2-11 The assumed control volume to calculate the accumulated exothermic 
energy 
∆ܳ௔௖௖.௭ = ∆݉ܿ௣( ௧ܶ.௭ − ௔ܶ.௭) Equation 2-18 
∆݉ = ߨݎ௭ଶݒ௭ߩ௭݊௙ Equation 2-19 
Where: 
∆݉: The mass of tow 
 ܿ௣: Specific heat capacity 
௧ܶ.௭: Temperature of tow at length z in oven 
௔ܶ.௭: Air temperature at the same length 
ݎ௭: Radius of fibre at each zone 
ݒ௭: Velocity of tows at each zone 
ߩ௭: Density of fibres at each zone 
݊௙: Number of filaments in a tow 
Total generated energy will be calculated by adding all locally generated energy of 
tows as it is shown in Equation 2-20. 
ܳ௚௘௡ .௧ = ෍∆ܳସ
௭ୀଵ
 ௔௖௖.௭ Equation 2-20 
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2.3.5 Design of heat recovery system 
Although burning exhaust gases with a natural gas burner wastes a massive 
amount of energy it is a potential source of heat, which can be recovered and used 
in the stabilisation ovens. Figure 2-12  shows a schematic of proposed heat recovery 
system from the abatement system of the existing stabilisation ovens. 
Fumes and air from ovensNatural gas Air
Gas burner
Heat exchanger
Mixing valve
Preheated air to oven
Make up air
Flue gas
Abatement chamber
To stack
Atmospheric air to preheat
Abatement system Heat recovery unit  
Figure 2-12 The proposed heat recovery system from the abatement system 
A proposed heat recovery system for the burnt gases in abatement is presented in 
Figure 2-12. Based on the new process, exhaust gases from the abatement system 
will be passed through a finned tube heat exchanger. Fresh air at ambient 
temperature passes over the fins to absorb heat from the exhaust gas and flows to 
the designated stabilisation zones.  
Since both hot and cold streams are in gas state, a conventional transverse-fin heat 
exchanger was selected with a hot flow in the tube side and cold flow in shell side 
[110]. To increase heat transfer area in shell (cold) side, high annular fins were 
consider compensating effect of lower convective heat transfer coefficient of 
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ambient air. Figure 2-13 shows a finned tube heat exchanger and schematic of a 
single finned tube that will be used for heat recovery calculation. 
 
 
Figure 2-13 A finned tube heat exchanger (left) and schematic of a single finned 
tube with transverse fins for increasing area of heat transfer in cold air side 
Available heat for transfer based on hot and cold flows and further details will 
be calculated using Equation 2-21 to Equation 2-24: 
ܳ = ܷܣ ܮܯܶܦ Equation 2-21 
ܮܯܶܦ = ∆ݐଶ − ∆ݐଵ
ܮ݊ ቀ∆ݐଶ ∆ݐଵ
ൗ ቁ
 Equation 2-22 
∆ݐଶ = ଵܶ − ݐଶ Equation 2-23 
∆ݐଵ = ଶܶ − ݐଵ Equation 2-24 
 
Where, LMTD is dimensionless and standing for “log mean temperature 
difference”, T1, T2, t1 and t2 are inlet (1) and outlet (2) temperature of hot (T) and cold 
(t) streams. Since, hot and cold air must not be mixed, a one-fluid mixed cross-flow 
heat exchanger with triangular tubes arrangement was selected for heat recovery 
unit as it is shown in Figure 2-14. 
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Figure 2-14 One fluid mixed cross-flow heat exchanger (left) and triangular pitch 
tube arrangement (right) 
Heat transfer coefficient on fin side of the tube (hf) and corrected value for dirt 
factor (ℎ௙ᇱ ) were calculated using the following equations: 
ℎ௙ = ݆௙ ൬ ݇ܦ௘൰ ቀܿߤ݇ ቁଵ ଷൗ  Equation 2-25 
ℎ௙
ᇱ = ℎௗ௢ℎ௙
ℎௗ௢ାℎ௙
 Equation 2-26 
Where, k is thermal conductivity of tube, De is equivalent diameter for heat transfer, 
c is specific heat of cold fluid, μ is viscosity at the caloric temperature. jf is 
dimensionless factor for heat transfer to finned tube, which is obtained from Figure 
2-15. The value of hdo is dirt coefficient equivalent to the reciprocal of the dirt factor 
outside the tube and based on calculated hdo and obtained hf, the value of ℎ௙ᇱ  is will 
be obtained using Figure 2-16 and Reynolds numbers in each side. 
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Figure 2-15 Longitudinal fin heat transfer and pressure drop 
 
Figure 2-16 Transverse-fin heat transfer (a) and pressure drop (b) 
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Similarly, for the hot flow inside the tube heat transfer coefficient (hi) will be 
calculated using Equation 2-28.  
݆௛ = ℎ௜ܦ݇ ൬ ߤߤ௪൰ ቀܿߤ݇ ቁିଵ ଷൗ  Equation 2-27 
Where D is inside diameter of tubes and ߤ௪ is viscosity at tube wall temperature. ݆௛ 
is the Colburn heat transfer factor and can be obtained from Figure 2-17 
 
Figure 2-17 Tube-side heat transfer curve 
Finally, pressure drop at shell and tube sides were calculated using the following 
equations: 
∆ ௦ܲ = ݂ܩ௦ଶܮ௣5.22 × 10ଵ଴ܦ௘௩ᇱ ݏ߮௦ ቆܦ௘௩ᇱ்ܵ ቇ଴.ସ ൬ܵ௅்ܵ൰଴.଺ Equation 2-28 
∆ ௧ܲ = ݂ܩ௧ଶܮ݊5.22 × 10ଵ଴ܦݏ߮௧  Equation 2-29 
Where, f friction factor of tube, G is mass velocity in “s” and “t” tube-sides, Lp 
is length of pass, ܦ௘௩ᇱ  is volumetric equivalent diameter for cross-flow, s is specific 
gravity of air, ߮௦ is velocity ratio, SL and ST are spacing between tubes in S and L 
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directions. Using on above equations, size, capacity and pressure drop of the required 
fibbed tube heat exchanger will be calculated. 
2.3.6 Energy efficiency of stabilisation process 
The following graph show the energy transfer from stabilisation oven 
boundaries.  
 
Figure 2-18 Generated and transferred energy to and from stabilisation system 
By calculating presented items in Figure 2-18, the energy efficiency of 
stabilisation system with and without heat recovery unit will be calculated as 
compared. 
After calculating all transferred energy, efficiency of the process must be 
calculated ad used as a quantity to evaluate effectiveness of heat recovery unit. 
Energy loss of the process will be calculated from below equation: 
ܮ݋ݏݏ% = (ܧ௢௨௧ − ܧோ௘௖
ܧ௜௡ + ܧ௚௘௡,௧) × 100 Equation 2-30 
Where, Eout is total wasted energy (transferred energy from the system 
boundaries to ambient) from the system, ERec. is total recovered energy from the 
abatement stream, Ein is total input from the external sources to the ovens and Egen,t 
is the total exothermic energy by tows during the stabilisation. 
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3 Chapter 3 – Assisted stabilisation by ammonium iron (II) sulphate 
In this chapter, effect of chemical treatment of precursor fibres using 
ammonium iron (II) sulphate on morphology of precursor fibre, radial diffusion of 
chemical and its effects on crystallographic, mechanical and thermochemical 
properties will be presented. Two different chemically treated samples were 
prepared by adding chemical into the coagulation or in the post-spinning bath and 
results were compared with the untreated control sample. The main aim of this 
chapter is to show that chemical treatment of PAN fibres using ammonium iron (II) 
sulphate reduces required energy for stabilisation of precursor fibres by reducing 
peak temperature of stabilisation reaction via a catalytic mechanism.  
Ammonium iron (II) sulphate, (ܰܪସ)ଶ ܨ݁ (ܵ ସܱ)ଶ was selected as a chemical 
compound, was added to the coagulation bath and impregnated into the filaments. 
It was selected to enhance the chemical and mechanical properties of PAN precursor 
by the following causes: 
- Negative charge ions (sulphate and hydroxyl ions) act as a plasticiser and a 
catalyst for cyclisation reaction and increase fibre’s stretch-ability and result 
a higher degree of orientation in the filaments’ structure.  
- Sulphate and hydroxyl groups also can act as a cyclisation catalyst and 
decrease the total energy consumption of stabilisation reaction [92, 113]. 
- Fe2+ ions are the catalyst of cross-coupling reactions of chains including [C-H] 
backbone and can enhance the degree of conversion reaction [114-116]. 
Capabilities of ionic liquids in moderating intense exothermic energy release of 
stabilisation is recently investigated [5]. In this study, EMIM-Ac was selected for 
chemical treatment of PAN precursor because of following reasons: 
- Similar to bmim-Ac, this chemical has the same structure with a shorter tail 
that ease diffusion of chemical into the fibre. As it was mentioned in previous 
study, [24] the bigger size of molecule make its diffusion harder and smaller 
molecular size can increase mass transfer rate from the bath to fibres.  
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- Since it is soluble in DMF and also dissolves PAN, it can be directly added to 
the spinning dope to eliminate post-spinning chemical treatment time and to 
reduce processing time  
Precursor fibres were prepared and above chemicals were impregnated in 
them to analysis effect of chemical treatment on physical and chemical properties of 
wet-spun PAN fibres. 
3.1 Morphology of fibres  
To investigate how addition of ammonium iron (II) sulphate influences the 
coagulation of fibres, the surface morphology of fibres was observed by SEM. Figure 
3-1 shows surface of different homopolymer (H) and copolymer (C) based fibre 
samples with and without chemical treatment.  
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Figure 3-1 SEM images of homopolymer-based PAN fibres (a) H-control, (b) HPT, (c) 
HCT and copolymer-based fibres (d) C-control, (e) CPT and (f) CCT 
Based on SEM images, chemical treatment at both coagulation and post-spinning 
steps did not damage surface of fibre, however cross-section of fibres have changed 
in coagulation treated (CT) fibres due to change in pH of the coagulation bath.  
As it was expected and discussed in chapter 2, reducing pH of coagulation bath 
changes shape of cross-section of fibres from a circular shape to an oval or bean-
shape [85]. Based on optical microscopy images, each bunch of fibres from each 
sample showed the same cross-section shape and diameter. Since diameter of 
precursor fibres is important to achieve evenly stabilised fibres, obtained narrow 
distribution of fibres diameter is promising to achieve stabilise fibres with similar 
radial chemical structure. Uneven diameter of precursor fibres in a tow will result in 
degradation for thinner fibres and partial stabilisation for thicker samples at the same 
stabilisation condition.  
Influence of shape of cross-section of fibres on their thermal and mechanical 
properties were investigated in previous studies. Karaca and Ozcelik [121] reported 
a higher thermal conductivity for fabrics with round cross-sectional of fibres than a 
trilobal shape. As higher thermal conductivity accelerates the curing process of 
composite, maintaining circular cross-section shape can reduce curing time of a 
composite and save energy. In addition, spinning fibres with a round cross-section 
have resulted in a higher mechanical properties [122-124]. As it is shown in previous 
works [122-124], mechanical properties of fibres increased as its cross-sectional 
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shapes changes from a dog-bone or kidney shape to the round shape. However, other 
parameters such as chemical composition of polymer [9, 43], orientation of polymer 
chains [40, 83, 125] and the diameter of precursor fibre [35, 38] play crucial roles in 
mechanical properties of precursor fibres. Moreover, other parameters such as 
degree of stabilisation and the applied tension in stabilisation and carbonisation steps 
[2, 4, 33] are other important variables that affects mechanical properties of carbon 
fibres.  Since producing a circular cross-sectional shape is not the aim of this study, 
and the main focus is to reduce energy consumption, wet-spun fibres with non-
circular shapes were subjected to further investigation. 
3.2 Radial distribution of chemicals 
To ensure diffusion of ammonium iron (II) sulphate into the fibres, ultrathin 
sections of fibres were prepared and the presence of iron and sulphur elements were 
tracked using EDS mapping. In Figure 3-2, EDS maps on cross-section of PT and CT 
samples are presented. The presented elemental maps for PT precursor fibres do not 
show any traces of iron and sulphur atoms in fibre. However, three bright yellow 
points in Figure 3-2-b show the accumulation of sulphur on outer surface of PT fibres. 
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Figure 3-2 STEM cross-section image of post-treated (a) and coagulation treated (c) 
PAN fibre and EDS elemental map of sulphur and iron elements on cross section of 
(b) post-treated and (d) coagulation treated fibres 
In comparison, Figure 3-2-d presents the elemental map of targeted atoms on 
coagulation treated fibre (CT) which shows signs of sulphur and iron ions on cross-
section of fibre.  
The reason of negligible diffusion of ammonium iron (II) sulphate in the PT 
fibres can be described by the non-porous surface of precursor fibres. As shown in 
Figure 3-3, surface of fibres does not include any micro- or Nano-sized pores to allow 
water or any other types of chemicals diffuse into its structure. Based on previous 
studies[85, 126] diffusion rate of DMF (a solvent with high diffusion rate into PAN 
fibres) decreases from 8×10-6 cm2/s to 4×10-6 cm2/s after travelling only 12 cm in 
coagulation bath. Then, a long exposure time is required to achieve the desired 
chemical transfer from post-spinning bath into precursor fibres. Contrarily, transfer 
of chemical into the fibre in coagulation bath is explained by rapid counter-current 
mass transfer, where DMF leaves the polymer dope and water diffuses into the fibre 
to equilibrate chemical potential of water in both sides[127]. This issue has been 
reported previously and effect of molecular size of chemical agent on weight gain of 
precursor fibres were investigated [11, 12].  
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Figure 3-3 High magnification images of surface (a) homopolymer and (b) copolymer 
fibres show no macro- or micro-void on surface of PAN fibres 
In contrast, a counter-current diffusion of DMF from dope to the coagulation 
bath and water from the bath to the dope (or nascent fibre) provided a higher 
diffusion rate of chemical with a uniform distribution. 
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3.3 Effect of chemical treatment on the crystallinity of the fibre 
Two-dimensional WAXS patterns are presented in Figure 3-4 to show effect of 
chemical treatment on crystallographic properties of fibres while they were 
subjected to a chemical treatment in or after coagulation bath.  
  
  
a 
b 
d 
e 
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Figure 3-4 2D-WAXS patterns of precursor fibres with different chemical 
treatments; (a) HCT, (b) HPT, (c) H-control, (d) CCT, (e) CPT and (f) C-control 
Comparing fibre patterns shows a notable change in homopolymer-based fibre 
samples compared to copolymer-based PAN fibres. For example; (1 1 0) ring is clearly 
visible in Figure 3-4-a, that proves the plasticising effect of ammonium iron (II) 
sulphate in coagulation bath. However, patterns (b) and (c) do not show a notable 
change for the same crystallographic plane. In other word, improve in 
crystallographic properties (that directly relates to mechanical properties) is much 
more achievable when ammonium iron (II) sulphate is used as a chemical plasticiser 
impregnates into the fibre during its formation step. Similarly, effect of chemical 
treatment on copolymer based precursor fibres are presented in Figure 3-4-d, -e and 
–f. Although presence of methyl acrylate monomers improved spinnability of 
copolymer based samples [9, 56] WAXS patterns show further improvement as a 
result of chemical treatment.  
To quantify effect of chemical treatment on crystallographic properties, 
absolute patterns were extracted from WAXS results using Scatter Brain software and 
represented in Figure 3-5. Comparing graphs shows applying chemical treatment on 
homopolymer sample during coagulation step significantly reduced breadth of (1 0 
0) peak. However, chemical treatment did not affect the copolymer-based fibre 
sample and apparently, C-control, CPT and CCT fibre samples have the same FWHM 
and crystallite sizes.  
c f 
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Figure 3-5 Extracted (a) absolute and (b) azimuthal graphs of precursor fibre 
samples 
To evaluate the influence of chemical treatment on homo- and copolymer based 
fibres, WAXS patterns were interpreted into two forms of absolute and azimuthal 
average which can be quantified based on the presented equations.  
a 
b 
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Segmental mobility of crystallites at low temperature (below 150oC or β-transition 
zone) is restricted by the presence of macromolecules in amorphous phase [128]. To 
cause segmental movement, the strong dipole-diploe interaction between cyanide 
groups must be reduced by using a plasticiser. Stretching fibres above 150oC (α-
transition zone or entropic stress relaxation temperature) is previously mentioned as 
a solution [128].  As a result, by plasticising fibres and enhancing segmental mobility, 
simultaneous merging of amorphous chains into existing crystallites will form larger 
crystals [129]. As it is shown in Figure 3-5-a, reducing the intensity of amorphous hill 
(around 12 degree) and growing (1 0 0) and (1 1 0) peaks, especially in HCT sample is 
described by higher plasticity of PAN chains after chemical treatment in coagulation 
bath. As it shown in Table 3-1, because the wavelength of the X-ray beam in 
synchrotron was λ=0.689 nm, peak positions for (1 0 0) planes was changed and this 
plane was observed at 2θ~7.6o. 
Table 3-1 Crystallite size and spacing for different precursor PAN fibre samples; 
calculated values are the average of three mesaurement on each sample 
  2θ  
(degree) 
d(1 0 0) 
(Å) 
Lc(1 0 0)  (nm) Xc (%) fc(1 0 0) <φ(1 0 0)> 
(degree) 
Ho
m
op
o
ly
m
er
 
HCT 7.60 5.20 7.64 61.91 0.65 28.92 
HPT 7.60 5.20 3.63 60.08 0.54 33.47 
Control 7.60 5.20 3.61 59.93 0.54 33.47 
Co
po
ly
m
er
 
CCT 7.65 5.17 5.86 59.79 0.61 30.63 
CPT 7.65 5.17 5.50 60.07 0.57 32.34 
Control 7.65 5.17 5.65 61.19 0.54 33.44 
 FWHM: Full Width at Half Diameter; d: interlayers spacing; LC: Crystallite size; Xc: 
percent of crystallinity; fc: Herman’s orientation factor; <φ> Average orientation 
angle 
 
The first observation of results confirms that chemical treatment did not 
change interlayers spacing of samples and homopolymer and copolymer based fibre 
samples have their identical interlayers spacing. However, increasing crystallite sizes 
of chemically treated samples confirms the effectiveness of chemical treatment; for 
example, for homopolymer based fibre samples, sizes of (1 0 0) crystallographic plane 
is increased from Lc~3.61 to 7.64 nm for homopolymer and from 5.65 to 5.86 nm for 
copolymer based precursor fibres.  Since tensile strength of fibre samples is directly 
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related to the size and orientation of crystallites [14, 81, 130], a higher tensile 
strength is expected for samples that were chemically treated in the coagulation 
bath. In comparison, a slight increase to 3.63 nm was obtained for HPT fibres and 
interestingly, size of crystallites was reduced to 5.50 nm in CPT fibres. Based on 
presented elemental map in Figure 3-2, lack of plasticiser in fibre resulted in a 
negligible size enhancement in HPT and chians deformation in CPT fibres. As it was 
discussed before, cold drawing of precursor fibres without plasticiser, do not enhance 
crystalline structure of polymer below critical extension ratio[131].  Additionally, 
Table 3-1 showed Herman’s orientation factor for (1 0 0) crystallites increased from 
0.54 to 0.61 for copolymer-based fibres and from 0.54 to 0.65 and 0.61 for control, 
HCT and CCT fibres, respectively.  
The catalytic mechanisms are shown in Figure 1-19 and it describes the higher 
orientation and size of crystallites. As negative charge ions are attracted to the 
positive side of cyanide bonds, they reduce the strong dipole-dipole interaction 
between those triple bonds and decrease the chains entanglement. The same action 
is expected by bulky neutral co-monomers such as methyl acrylate by increasing the 
distance between cyanide groups and reducing their strong dipole-dipole interaction. 
As a result, adding ammonium iron (II) sulphate in coagulation bath, increased size 
and orientation of (1 0 0) crystallites in PAN precursor fibres which is due to 
plasticising effect of negative charge ions such as hydroxyl and sulphate.  
3.4 Mechanical properties of PAN fibres 
Table 3-2 presents mechanical properties of wet-spun precursor fibres. Reported 
values for diameter show a smaller standard deviation for samples spun in the 
presence of ammonium iron (II) sulphate in the coagulation bath. Moreover, tensile 
strength of wet-spun precursor fibres in a combined coagulation-chemical treatment 
increased by 19 and 17% for HCT and CCT samples, respectively. Since sizes and 
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orientation crystallite affect the tensile strength of fibres, it is crucial to find a 
relationship between these data and mechanical properties results. 
Table 3-2 Mechanical properties of wet-spun precursor fibres with and 
without chemical treatment; 25 filaments were tested from each sample 
 
Sample 
name Diameter (µm) 
Linear 
density 
(dtex) 
Maximum 
Elongation (%) 
Tenacity 
(cN/dtex) 
Young’s modulus 
(cN/dtex) 
 Tensile 
strength (MPa) 
Young’s modulus 
(GPa) 
Ho
m
op
ol
ym
er
 
HCT 8.55±0.22 0.67±0.03 19.35±5.07 2.03±0.35 240±40 
79.91±4.26 
9.35±0.5 
HPT 9.95±0.26 0.91±0.05 24.02±3.23 1.93±0.14 230±20 
67.21±2.40 
7.51±0.28 
control 10.93±1.86 1.13±0.36 15.36±4.01 1.71±0.65 200±77 
78.71±30.62 
9.19±3.59 
Co
po
ly
m
er
 CCT 8.35±0.31 0.71±0.04 13.00±1.04 4.09±0.44 479±52 
106.44±6.78 
12.45±0.78 
CPT 8.97±0.24 0.75±0.04 16.65±2.06 2.98±0.10 351±12 
87.01±3.15 
10.27±0.36 
control 9.68±0.80 0.87±0.16 18.83±1.94 3.49±0.39 411±45 
82.51±8.65 
9.74±1.02 
 
As presented in Table 3-2, 20% increase in tensile strength of homopolymer-
based PAN fibre was observed which is due to the improvement of crystallite size of 
CT samples from 3.61 to 7.64 and orientation of (1 0 0) crystallites from 0.54 to 0.65. 
Similarly, 16.54% improvement in tensile strength of CCT fibres is a result of 12.96% 
increase in size and 3.7% of orientation of (1 0 0) crystallites. 
3.5 Thermochemical properties of PAN fibres 
Chemical treatment of precursor fibres stimulates thermal activation of 
polymer and changes the amount of energy consumption by changing the onset and 
peak temperatures of the reaction. Reducing reaction temperatures allow fibres to 
be stabilised at lower temperature and therefore contributes to lower energy 
consumption. Figure 3-6 shows DSC trends of control and chemically-treated fibres 
in an air atmosphere with 10oC/min heating rate. 
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Figure 3-6 DSC curves of homopolymer (H) and copolymer (C) derived fibres without 
chemical treatment (control),  post-treated (PT) and coagulation treated (CT); peak 
temperatures are the average of three measurements 
As it is shown in Figure 3-6, presence of itaconic acid in structure of copolymer 
reduced peak and onset temperature for copolymer fibre samples and broaden the 
sharp exothermic energy release of homopolymer. As homopolymer fibres does not 
contain any acidic comonomer, diffusion of sulphate anions into fibres assisted 
thermal cyclisation reaction to initiate at lower temperature. Change in peak 
temperature of stabilisation from 329oC for control homopolymer to 290oC for HPT 
and HCT samples is due to previously described chemically assisted cyclisation 
mechanism [132]. This mechanism is presented in Figure 3-7 and it shows cyclisation 
or cross-linking reactions propagate at lower temperature due to the assisted 
chemical activation [23, 133].  
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Figure 3-7 Proposed mechanism for assisted cyclisation of PAN polymer in presence 
of sulphate ions 
In this work, sulphate ions play the similar role as manganate anions, which has 
an established record in accelerated cyclisation of PAN below its normal temperature 
[23]. Bashir et Al. [23] reported partial stabilisation of PAN fibre in the presence of 
manganate ions at 85oC, which is around 150oC below the standard stabilisation 
temperature of PAN fibres.  
In comparison, copolymer PAN contains itaconic acid, which decreases the peak 
temperature of stabilisation reaction, and less acceleration was achieved in 
chemically assisted coagulation.  DSC trends in Figure 3-6 showed 4oC decrease in 
peak temperature of CCT sample compared to C-control fibres. 
DSC analysis confirmed that addition of ammonium iron (II) sulphate decreased 
peak temperatures of homopolymer and copolymer based fibres to a different 
degree. This means that the stabilisation process can be started at a lower 
temperature and therefore for the same process temperatures a higher degree of 
conversion is expected. Compared to previous chemical treatment methods reported 
in literature [11-13, 16], our approach is simple and unique in a sense that no further 
treatments are required and addition of only small quantity of ammonium iron (II) 
sulphate in the coagulation bath results in significant reduction in reaction 
temperature.  
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3.6 Summary 
The main aim of this chapter was to investigate if chemical treatment of PAN 
fibres using ammonium iron (II) sulphate can assist in reducing the required energy 
for stabilisation of PAN precursor fibres by reducing peak temperature of stabilisation 
reaction. Two examined approaches for chemical treatment of homopolymer and 
copolymer based PAN fibres by ammonium iron (II) sulphate are; (i) chemical 
treatment in coagulation bath and (ii) chemical treatment in post-spinning bath. 
Results showed chemical treatment in coagulation bath positively changed 
crystallographic and thermal properties of precursor fibre, however, post-spinning 
treatment was not found an effective approach compared to chemical treatment in 
coagulation bath. 
Based on the EDS study, only chemical treatment in coagulation bath resulted in a 
diffusion of chemical catalyst/plasticiser into the fibre. High magnification image of 
surface of fibres showed a solid and smooth morphology without pores, which 
prevents diffusion of chemical into the fibre. An increase in tensile strength and 
modulus of CT precursor fibre was found that was directly related to the 
crystallographic properties. Finally, DSC analysis revealed a notable peak 
temperature reduction in chemically treated homopolymer and a slight reduction in 
peak temperature for stabilisation reaction of copolymer-based fibres. As a results, 
chemical treatment of PAN fibres with ammonium iron (II) sulphate reduces energy 
consumption of stabilisation reaction by reducing peak temperature of the thermal 
conversion process which can notably decrease the cost of the final product. 
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4 Chapter 4 – Assisted stabilisation by EMIM-Ac 
In this chapter, effect of chemical treatment of precursor fibres using EMIM-Ac 
on morphology, crystallographic, mechanical and thermochemical properties of 
precursor fibre will be presented. Two different chemically treated samples were 
prepared by adding chemical in the spinning dope or in the post-spinning bath and 
results were compared with the untreated control sample.  The influence of chemical 
treatment on energy requirement for stabilisation process was investigated and the 
mechanism involved was studied.  
4.1 Adding EMIM-Ac to the spinning dope 
To prepare a chemically activated dope, PAN was dissolved in a mixture of 
EMIM-Ac and DMF.  The PAN precursor fibre was spun from the prepared dope 
containing 1% IL based on weight of PAN powder in a coagulation bath containing 
water and DMF. From here on, this sample is called PAN_IL and results will be 
discussed in sections below. 
4.1.1 Colour change of spinning dope 
   
Figure 4-1 PAN-DMF dope (a), after adding 1wt% of EMIM-Ac and stirring for 1 hour 
(b) and resting for 24hr (c)  
As shown in Figure 5-1addition of only 1wt% EMIM-Ac to the spinning dope 
resulted in a change in colour of spinning dope. This can be due to the partial 
stabilisation of PAN polymer in liquid phase as  reported before [23]. Mathur et al 
(1993) investigated the effects of immersing PAN fibres in an aqueous KMnO4 
solution bath at 85oC and reported colour change for PAN tows from pale yellow to 
Add IL and stir for 1hr After 24hr rest 
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light, moderate and dark brown after 3, 5 and 10 min treatment, respectively. After 
20 minutes, PAN fibres  colour  turned into black and it was insoluble in DMF solvent 
[23]. The same change was observed when PAN/DMF/EMIM-Ac solution was left to 
rest for 24hr and sample colour turned into a dark brown insoluble gel (Figure 4-1-c). 
This “pre-stabilisation effect” which could indicate a partial cyclisation reaction 
in liquid phase can potentially provide opportunity in reducing the energy required 
for PAN precursor fibre stabilisation. 
4.1.2 Surface morphology of fibres 
The first stage of study is to observe the precursor fibre and investigate effects 
of adding IL to the dope. As it is shown in Figure 4-2 surface of PAN_IL precursor fibres 
is not uniform and it contains so many wavy shape defects. Since control and PAN_IL 
fibres were prepared at the same material and in the same process, these surface 
defects are due to adding EMIM-Ac to the dope.  
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Figure 4-2 SEM images of control (a) and PAN_IL (b) fibres 
A possible reason for this wavy surface could be the high solubility of EMIM-Ac 
in water, which results its dissolution during wet-spinning process. Since coagulation 
step is followed by two washing and rinsing steps, remained EMIM-Ac was washed 
out from the fibre and left behind the fibres surface defects.  
4.1.3 Thermochemical analysis of PAN fibres 
Thermochemical behaviour of control and PAN_IL fibres are presented in Figure 
4-3. As shown, adding EMIM-Ac to the spinning dope reduced the exothermic heat 
release however at the same peak temperature. As often a lower peak temperature 
is desirable to reduce energy consumption of stabilisation reaction, we can conclude 
that this chemical treatment does not provide energy reduction required in 
stabilisation of fibres. 
CHAPTER 4                                         ASSISTED STABILISATION BY EMIM-AC …  
 
105 
 
0 100 200 300 400 500
-5
0
5
10
15
20
25
H
ea
t f
lo
w
 (W
/g
)
Temperature (C)
 Control
 PAN_IL
 
Figure 4-3 DSC of control precursor and the PAN_IL with 1wt% EMIM-Ac as spinning 
dope additive  
Pre-stabilisation of PAN polymer in spinning dope describes the reduction in 
exothermic energy release of PAN during thermal stabilisation. As it was shown in 
Figure 4-1, addition of EMIM-Ac to the spinning dope leads to stabilised PAN polymer 
in spinning dope. In other words, PAN polymer was partially stabilised before 
spinning and this is the reason of lower energy release of PAN as it is observed in DSC 
results. Since a part of PAN polymer was stabilised before wet-spinning, rest of non-
stabilised polymer chains released less amount of energy. As a result, a less heat 
release at the same peak temperature was observed in DSC curve. 
4.1.4 Thermogravimetric analysis of fibres  
Similar to DSC results, thermogravimetric behaviour of control and PAN_IL 
precursor fibres presented nearly similar weight loss trends.  
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Figure 4-4 TGA (a) and DTG (b) graphs of control and PAN_IL precursor 
DTG graphs emphasises the different at higher temperature and show a higher 
weight loss rate for chemically treated samples started at 500oC. However, this 
temperature is above the stabilisation temperature range and cannot affect the 
results.  
Since EMIM-Ac is water-soluble and the coagulation bath contains 40wt% water, it 
was expected to observe outward diffusion of IL into the baths. However, due to the 
unknown binary interaction between EMIM-Ac and cyanide groups of PAN, we 
examined the possibility of dissolving EMIM-Ac in PAN-DMF spinning dope and 
investigate its effect on thermochemical and thermogravimetric behaviour of PAN 
during its thermal stabilisation. 
4.2 Adding EMIM-Ac into the post-spinning bath 
Based on the presented results in section 5.1, due to the solubility of EMIM-Ac 
in water, it diffuses into the coagulation bath and the small remaining content of the 
chemical cannot improve thermochemical and thermogravimetric properties of 
precursor fibres. In addition, it is not economically viable to prepare the spinning 
dope with higher IL content due to the high cost of EMIM-Ac as well as difficulty in its 
recovery from the coagulation bath solution. Therefore, an alternative approach by 
adding EMIM-Ac into the post-spinning bath was investigated and results are 
presented in this section.  
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4.2.1 Surface morphology of fibres 
Chemical treatment of PAN fibres was conducted in the post-spinning bath and 
modified samples were prepared as described in Table 2-3. Same as previous section, 
surface morphology of chemically treated fibres shows a lot of useful information 
about the effectiveness of chemical treatment. Figure 4-5 shows SEM images of 
control and EMIM-Ac modified fibres with in post-spinning bath with different IL 
content and impregnation residence time.  
  
  
  
Figure 4-5 SEM images of control and selected chemically treated precursor fibres 
with EMIM-Ac in post-spinning bath 
10_5 10_10 
10_2 5_10 
5_5 Control 
Surfaces re-dissolution and 
infusion of filaments 
Surfaces re-dissolution and 
infusion of filaments 
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SEM images showed no surface damages for chemically treated wet-spun fibres 
with EMIM-Ac in the post-spinning bath except for 10_5 and 10_10 samples. For all 
samples, surface of precursor fibres became smoother due to solubility of PAN in 
EMIM-Ac and re-dissolution of PAN in post-spinning bath. Chen and Harrison (2002) 
showed that in a post-spinning plasticising bath consisting of  DMF/water, DMF 
content and fibre residence time inn bath  should not exceed 10wt% and 1 min, 
respectively, [13] to prevent filaments infusion. 
4.2.2 Thermochemical analysis of PAN fibres 
Figure 4-6 shows DSC graphs of control and post-spinning treated precursor 
fibres with the different bath concentration and residence time. 
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Figure 4-6 DSC of control and post-spinning treated precursor PAN fibres; (a – g) are 
DSC trends of 0.5, 1, 2, 5 and 10% IL in the post-spinning bath, respectively; (f) 
comparing DSC of all post-treated samples with the control PAN fibre; DSC of each 
sample was repeated three times to check the consistency of the trend  
Figure 4-6-a and -b present the result of chemical treatment with low concentration 
of EMIM-Ac in the post-spinning bath. Based on the results, post-spinning chemical 
treatment with 0.5wt% and 1wt% of ionic liquid in the bath decreased the peak 
temperature of the reaction, however, it broadened the initiation and end 
temperature of stabilisation. Then, to achieve the desired extent of reaction, 
stabilisation reaction must start at a lower temperature and finish at a higher 
f 
e 
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temperature than the untreated fibres. Similarly, increasing the bath concentration 
to 2wt% (Figure 4-6-c) showed the same effect; reducing the measured peak 
temperature and broadening the temperature range of stabilisation reaction.  
Interestingly, the desired change is initiated when the bath concentration increased 
to 5wt%. As presented in Figure 4-6-d, the first chemically treated sample (5_2) 
followed the same trend as 0.5, 1 and 2wt% samples however, by increasing 
impregnation time to 5 min the stabilisation reaction started and ended at the lower 
temperatures. The same behaviour was observed in Figure 4-6-e for 10wt% of IL in 
post-spinning bath. As a result, adding small amount of EMIM-Ac in the post-spinning 
bath (below 5%) decrease the start temperature of stabilisation and increase the end 
temperature of reaction. Increasing ionic liquid content and residence time in post-
spinning bath assist the reaction to start and terminate at lower temperature. Figure 
4-7 shows peak temperature for all samples. 
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Figure 4-7 Change of peak temperature of PAN precursor after chemical 
modification in post-spinning bath at different bath concentration and 
impregnation time; average result for three measurements 
Based on the trends, it is concluded that increasing the concentration of post-
spinning bath and impregnation time increase the chemical uptake of fibres and 
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consequently, changed the thermochemical behaviour of precursor fibres. Figure 
4-7-e strongly verifies the effect of higher bath concentration on lower reaction 
temperature. Based on Figure 4-7-e, by increasing concentration of EMIM-Ac to 10 
wt% in the post-spinning bath, the peak temperature of the stabilisation reaction, 
reduces from 316oC to 164oC. 
To compare all samples, Figure 4-7-f is presented and lack of a strong reaction 
peak in 0.5, 1 and 2wt% samples are clearly visible. As it was discussed earlier, low 
concentration of ionic liquid in the post-spinning bath broadened the temperature 
range of stabilisation reaction and will not assist in energy reduction of the process 
since it requires the high ending temperature. Figure 4-8 present the proposed 
mechanism that show how acetate anions act as a catalyst during thermal 
stabilisation of PAN polymer [5]. 
 
Figure 4-8 Proposed mechanism of acetate assisted stabilisation reaction 
As it is proposed, basicity of acetate anions plays a vital role in autoxidation 
process of PAN precursor in the presence of heat and oxygen. This autoxidation 
process can be accelerated in the presence of water as it promotes abstraction of 
hydrogen from the α-position relative to nitrile groups [134]. 
4.2.3 Thermogravimetric analysis of fibres 
Thermogravimetric analysis of control and post-spinning treated precursor 
fibres is presented in Figure 4-9. Based on the TGA graph of control precursor fibres, 
the first weight loss with a sharp slope happens at 300oC, which means the first step 
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of reaction. Since presence of any quick weight loss in TGA graphs is corresponding 
to a fast reaction, it is important to moderate it to control the stabilisation reaction.  
Based on TGA graphs adding any amount of EMIM-Ac into the coagulation bath 
moderate the sharp and fast weight loss round 300oC. However, as it consequences 
from Figure 4-9-a, -b and -c, for low concentration of ionic liquid in the bath the 
weight loss trend is as same as control sample. In other word, adding up to 2wt% of 
EMIM-Ac in the post-spinning bath moderates the sharp weight loss of PAN at 300oC 
however, thermogravimetric behaviour of the material has not changed at higher 
temperature. Same as DSC results for 0.5, 1 and 2wt% samples, stabilisation reaction 
starts at lower temperature however, the end temperature is same as control 
sample.  
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Figure 4-9 TGA graphs of control and chemically treated precursor fibres in air 
atmosphere and 10oC/min heating rate; each sample was repeated for three times  
Similar to DSC results, the first notable change is observed in 5_5 sample (5wt% of IL 
in post-spinning bath and 5 min residence time) and the weight loss pace accelerated 
in 10wt% samples. Based on TGA results, although adding low ionic liquid 
concentration (0.5, 1 and 2wt%) in the post-spinning bath moderates the sharp 
weight loss at 300oC for PAN precursor it will not assist stabilisation reaction at higher 
temperature. Figure 4-9-e shows results of adding 10wt% EMIM-Ac in the post-
spinning bath and trend clearly shows a consistent weight loss started at lower 
temperature with a moderate reduction at 160oC. Further investigation on DTG 
graphs of precursor fibres approved the findings of DSC and TGA analyses.  
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Figure 4-10 DTG analysis of control and chemically treated precursor fibres during 
thermal degradation; samples are prepared by thermal degradation in an air 
atmosphere with 10oC/min heating rate; each sample was repeated for three times 
DTG graphs for baths including less than 5wt% IL in the post-spinning bath show a 
small however steady derivative weight change that emphasises a slow rate of 
stabilisation reaction for these samples. Same as observed trends in Figure 4-6 and 
Figure 4-9, notable enhancement in the extent of reaction at lower temperature 
started at 5_5 samples and then continued to 10wt% samples. However, Figure 4-10-
d shows a very fast derivative weight loss for 10_5 and 10_10 samples which is due 
to re-dissolution of surface of PAN fibres in EMIM-Ac and fusion of filaments r. Fusion 
of filaments after a long exposure time to water/EMIM-Ac in the post-spinning bath 
were shown in Figure 4-5-e and -f. filaments fusion prevents exothermic heat to 
release and degrade the structure of fibres. This damaging effect is shown in TGA and 
DTG graphs of 10_5 and 10_10 samples.  
c d 
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4.3 Summary 
In this chapter, effect of chemical treatment of precursor fibres using EMIM-Ac 
on thermal reaction temperatures were studied. Two different approaches were 
investigated and compared; (i) by adding chemical in the spinning dope and (ii) in the 
post-spinning bath and results were compared with the untreated control sample. 
Interestingly, adding EMIM-Ac into the spinning dope as a catalyst or dope additive 
stabilised the polymer solution, partially. The initial colour change of the spinning 
dope after adding EMIM-Ac was a desired sign however; DSC results showed no 
change in the peak temperature of stabilisation and further SEM images showed the 
damaged surface of wet-spun fibres. In comparison, positive thermochemical and 
thermogravimetric results were obtained after post-spinning chemical treatment of 
wet-spun precursor fibres.  
Adding a small amount of EMIM-Ac (0.5, 1 and 2wt%) in the post-spinning bath 
initiated the stabilisation reaction at a lower temperature however, the end 
temperature of the reaction was shifted. Therefore, to achieve the desired extent of 
reaction, a higher stabilisation temperature is required. 5wt% EMIM-Ac in the post-
spinning bath showed significant improvement and only an impregnation time longer 
than 5min resulted in a reduction in reaction start and end temperature. Adding 
10wt% EMIM-Ac to the post-spinning bath decreased start, peak and reaction 
temperature of stabilisation reaction. However, due to re-dissolution and infusion of 
filaments above 5 min exposure time, the chemical treatment time must be 
considered below 2 min.  
In summary and based on the results, post-spinning chemical treatment in a bath 
containing 10wt% EMIM-Ac with 2 min exposure time reduces stabilisation reaction 
temperature and saves energy consumption of the process.  
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5 Chapter 5 – Heat recovery from abatement 
This chapter reports the results of heat recovery from exhaust stream for 
preheating input air to the stabilisation oven. The main aim of this chapter is to 
calculate increase in energy efficiency of the stabilisation process after adding a heat 
recovery system. To calculate the energy efficiency of the stabilisation process, 
following measurements and calculations are required: 
- Specific heat capacity of PAN polymer during its thermal degradation 
- Convective heat transfer coefficients in parallel and cross-flow condition 
- Measuring temperature distribution of air and PAN tows in 4 stabilisation 
stages 
- Temperature distribution of tows in pre-heating, transient and post-cooling 
steps 
- Accumulated exothermic energy of reaction 
- Transferred energy in stabilisation oven  
- Presenting detailed design of finned tube heat exchanger 
- Calculating energy loss of the process with and without HRU system 
5.1 Specific heat capacity of PAN polymer  
A combination of TGA and modulated DSC results were used to calculate 
specific heat capacity of PAN fibres during the thermal stabilisation. As it was 
described in chapter 2, the first step of measurement is to find the gradual weight 
loss of samples by the time during the stabilisation. Figure 5-1 shows the gradual 
weight loss of PAN samples at four thermal zones. Based on the trends, samples in 
steps 1 and 3 experience more severe weight reduction compared to thermal zones 
2 and 4. Based on trend, a slower rate of reaction is observed at steps 2 and 4, which 
resulted a gentler weight reduction.  
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Figure 5-1 Simulation of isothermal stabilisation reaction at 4 stages in a TGA 
instrument; average values are measured from three times repeat 
Based on Figure 5-1 total weight loss for PAN samples during stabilisation was less 
than 10%, which is a combination of weight loss in thermal degradation and weight 
gain in oxidation steps. 
Using above weight loss trend and implementing them into the MDSC results specific 
heat capacity values are calculated and presented in Figure 5-2 
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Figure 5-2 trend of specific heat capacity of PAN fibre in a simulated 4 steps 
stabilisation reaction; specific heat values from three measurement, the grey shade 
shows the standard deviation 
Same as TGA procedure, 20 min isothermal reaction was considered for PAN at each 
stage. Based on the calculated values, “cp“ value is increased at the beginning of the 
stabilisation which is a sign of heating up of the sample. At the next stage when 
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stabilisation triggered, the amount of “cp“ value reduced which is a sign of the 
exothermic heat release. In the other word, at the beginning stage PAN polymer 
requires a notable amount of energy to heat up and it shows a high specific heat 
capacity, however, when exothermic heat release started a smaller amount of energy 
is required to control the polymers temperature.  
Calculated “cp“ values will be considered at the next step to calculate amount of 
required energy to heat up PAN tows. 
5.2 Calculation of convective heat transfer coefficient 
Convective heat transfer values for fibre at each stage were calculated based 
on provided equations in chapter 3 and are presented in Table 5-1. Reynolds and 
Prandtle numbers were calculated based on flow parameters (parallel of cross flow) 
and then Nusselt values were calculated using the corresponding correlation for each 
type of flow. Finally, convective heat transfer coefficient and m-values were 
calculated using calculated Nusselt values. 
Table 5-1 Calculated heat transfer parameters for the exhaust chambers (cross-
flow) and inside the ovens (parallel flow) 
 Stabilisation stage Re Pr Nu h (W/m2-K) m-value 
Zone1 Exhaust chamber 3741 0.70 8.28 10.93 0.0148 Inside the oven 38644 0.71 152.22 16.38 0.0212 
Zone2 Exhaust chamber 3175 0.70 7.35 10.47 0.0174 Inside the oven 37878 0.68 149.76 16.38 0.0255 
Zone3 Exhaust chamber 2865 0.70 6.82 10.19 0.0149 Inside the oven 36667 0.68 145.84 16.38 0.0219 
Zone4 Exhaust chamber 2602 0.70 6.35 9.97 0.0177 Inside the oven 35069 0.68 140.72 16.38 0.0256 
 
Since airflow in the exhaust chamber on two sides of each zone are designed to 
separate the inside on atmosphere from direct contact then, a small amount of air 
travels over the tows to control the flow of fresh air and carry the toxic fumes to the 
abatement system. Then, airflow inside the ovens are more turbulent than exhaust 
chambers to maintain the uniform temperature, which resulted a higher convective 
heat, transfer coefficient and bigger m-value. Calculated heat transfer values were 
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applied for calculation of temperature distribution of tows inside the exhaust 
chamber and stabilisation oven. 
5.3 Temperature distribution of tows 
In order to calculate required energy for heating and re-heating tows when they 
arrive and exit stabilisation oven, tows temperature distribution is calculated and 
amount of gained and lost energy at each pass are calculated. These calculated values 
are implemented in energy balance equations and thermal efficiency of the 
stabilisation process is calculated. Since the calculated value is for a stabilisation 
process without heat recovery system, the existing process is modified by adding a 
heat exchanger to the process. Then, energy efficiency of the modified process was 
calculated and compared to the existing process. 
5.3.1 Temperature distribution of tows inside the exhaust chambers 
Figure 5-3 shows the temperature distribution in the entrance chamber of each 
zone. As it is shown, the temperature in the exhaust chamber is not a constant value 
or a linear function of the length. For example; in zone 1 and 3, which are two ground 
level, ovens (see Figure 1-27) the air temperature shows an exponential-like profile 
and after passing 0.35 and 0.45 m in the chamber, temperature rises. In comparison, 
zones 2 and 4 are located above zones 1 and 3 and the air is mixed due to the forced 
draft applied by the exhaust slits. Since PAN tows are directly in contact with air with 
mentioned temperature profile, these two different temperature profiles affect the 
amount of energy transfer. As a result, to calculate an accurate energy transfer a 
realistic temperature distribution of air and tows are required.  
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Figure 5-3 Measured temperature of air in exhaust chambers 
Figure 5-4 shows the fitting curves and residual values of each zone for temperature 
air temperature in exhaust chambers. A distribution function was assigned to each 
curve and used to calculate temperature distribution of tows in the exhaust chamber. 
Calculated temperatures were used in the MATLAB script to calculate tows’ 
temperature distribution. 
0.0 0.1 0.2 0.3 0.4 0.5
0
50
100
150
Te
m
pe
ra
tu
re
 (C
)
Length (m)
Zone 1
-10 -5 0 5 10
0.01
1
10
40
70
95
99.5
Pe
rc
en
til
es
Regular Residual of Sheet1 B
0.0 0.1 0.2 0.3 0.4 0.5
50
100
Te
m
pe
ra
tu
re
 (C
)
Length (m)
Zone1
-10 -5 0 5 10
0.01
1
10
40
70
95
99.5
Pe
rc
en
til
es
Regular Residual of Sheet1 B"Temperature"
0.0 0.1 0.2 0.3 0.4 0.5
20
40
60
80
100
120
140
Te
m
pe
ra
tu
re
 (C
)
Length (m)
Zone 2
-4 -2 0 2 4
0.01
1
10
40
70
95
99.5
P
er
ce
nt
ile
s
Regular Residual of Sheet1 E"Temperature"
0.0 0.1 0.2 0.3 0.4 0.5
20
40
60
80
Te
m
pe
ra
tu
re
 (C
)
Length (m)
Zone2
-6 -4 -2 0 2 4 6
1
10
40
70
95
99.5
Pe
rc
en
tile
s
CHAPTER 5                                                HEAT RECOVERY FROM ABATEMENT                     
 
121 
 
Figure 5-4 Measured and fitted temperature values of air in the entrance oven of 
each zone 
Table 5-2 presented temperature at each zone as a function of length for low speed 
(LS) and high-speed (HS) stabilisation trials. These functions were used to generate 
air temperature matrices in MATLAB program. Air temperatures matrices were used 
to calculate temperature of tows in the entrance chambers. 
Table 5-2 Temperature distribution functions in entrance chambers of each zone for 
LS (low speed) and HS (high speed) trials 
LS 
Zone 
1 
௘ܶ௫ .ଵ(ݔ) = 9.20 + 481.35 ݔ − 10390.36 ݔଶ + 100776.81 ݔଷ − 451247.59 ݔସ + 923916.12 ݔହ
− 689663.92ݔ଺ 
Zone 
2 ௘ܶ௫.ଶ(ݔ) = 14.248 − 38.62 ݔ + 1029.79 ݔଶ − 240.41 ݔଷ − 6339.66 ݔସ + 8300.12 ݔହ 
Zone 
3 
௘ܶ௫ .ଷ(ݔ) = 26.03 − 545.30 ݔ + 12681.84 ݔଶ − 110910.25 ݔ + 470610.79 ݔସ − 938942.34 ݔ+ 706356.94 ݔ଺ 
Zone 
4 ௘ܶ௫ .ସ(ݔ) = 14.79 + 76.86 ݔ + 649.02 ݔଶ − 5562.92 ݔଷ + 25068.77 ݔସ − 50272.11ݔହ + 36787.66 ݔ଺ 
HS 
Zone 
1 ௘ܶ௫ .ଵ(ݔ) = 23.84711 − 158.006911 + ݁(௫ି଴.ସଶଽଶଵ)଴.଴ଷଽଽ଻ + 134.16 
Zone 
2 ௘ܶ௫.ଶ(ݔ) = 16.15 + 130.03ݔ  
Zone 
3 ௘ܶ௫.ଷ(ݔ) = −40.78 + 8.36 × 10ିଶଵ݁ ௫଴.଴ଵ଴ଶଶ + 59.62 × ݁ ௫଴.଻ଶ଻ହହ 
Zone 
4 ௘ܶ௫.ସ(ݔ) = 16.37 + 101.01ݔ  
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Since temperature of air, its convective heat transfer coefficient chamber and 
travelling time of tows in the exhaust chambers are known, temperature of tows at 
each exhaust chamber can be calculated using Eq.2-17. It is important to calculate 
tows temperature as accurate as possible to estimate the pre-heating required 
energy absorbed from the exhaust gas flow. Figure 5-5 shows the calculated and 
measured tows temperature based on the air temperature at each zone.  
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Figure 5-5 measured and calculated temperature distribution of tows in the entrance 
chambers at four thermal zones; graphs (a), (c), (e) and (g) are for low speed and 
graphs (b), (d), (f) and (h) are for high speed stabilisation trials 
As it is shown in Figure 5-5, calculated pre-heating temperatures in the exhaust 
chambers are close to the measured temperature of tows at each chamber and will 
be used to calculate energy transfer between PAN tows and air in the entrance 
chamber.. The final temperature at entrance chamber will be used as the initial 
temperature of tows at the enterance of oven and the first transition temperature 
value. 
5.3.2 Transient temperature of tows inside the oven 
Based on the process design, tows at the end of each pass cool down and at the 
entrance of the next pass heat up. As no exothermic heat generates below the 
reaction temperature, tows absorb heat at the transient heating length and their 
temperature increase, gradually. When tows absorb enough energy, the exothermic 
reaction starts and tows transfer heat to the air in the oven to cool down.  
The main difference between the entrance length of the oven (named as transient 
temperature length) with the rest of it (named as exothermic temperature length) is 
the change in heat transfer direction. When tows enter to the oven heat transfers 
from the air and after a certain temperature exothermic energy generates inside the 
polymeric fibres and tows temperature exceeds the air temperature. At this stage 
direction of heat transfer changed into tow the air and the air dissipates exothermic 
energy from tows. We described this parameter as transient temperature and its 
distribution inside the ovens are calculated as shown in Figure 5-6.  
g h 
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Figure 5-6 measured and calculated transient temperature of tows in four zones; 
graphs (a), (c), (e) and (g) are for low speed and graphs (b), (d), (f) and (h) are for 
high speed stabilisation trials 
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As it was described earlier, at this transient temperature length, direction of heat 
transfer is from the hot circulation air to the warm (not hot) tows and an amount of 
energy equal to the activation energy of reaction transfers from air to the tows.  
In order to calculate transient temperature of tows, temperature of each zone is 
assumed as a constant temperature. As it is shown in Figure 5-6, this assumption 
caused an error in calculation of tows temperature and subsequently, this error will 
affect the accuracy of the energy transfer calculation. However, assuming a non-
uniform temperature zone at each zone will affect the level certainty of results and 
to avoid any uncertainty in calculation, the uniform temperature assumption was 
selected. 
5.3.3 Post-cooling temperature at exhaust chambers 
At the end of each pass tows exit the oven to the post-cooling exhaust chamber. 
Same as the entrance pre-heating chamber, an excess amount of circulation air flows 
in this chamber to separate oven from the outside atmosphere and avoid leaking any 
toxic gas from the oven. All remained reaction fumes inside or between the filaments 
are swept by the small airflow to provide higher process safety. Figure 5-7 shows the 
measured temperature distribution of air at the post-cooling stage at each zone.  
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Figure 5-7 Measured air temperature in post-cooling exhaust chamber for low 
speed (LS) and high speed (HS) stabilisation trials 
Air temperature at each zone in the post-cooling chamber is shown in Figure 5-7 and 
these distributions used to generate the air temperature distribution function to 
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calculate tows temperature. Distribution of air temperature in the exit chamber are 
fitted and shown as a function of chamber length in Figure 5-8.  
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Figure 5-8 Fitted air temperature as a function of exit chamber length at each zone 
and for LS and HS stabilisation trials; graphs (a), (c), (e) and (g) are for low speed and 
graphs (b), (d), (f) and (h) are for high speed stabilisation trials 
Fitted distribution functions are presented in Table 5-3 for two stabilisation 
conditions and these functions were implemented in MATLAB program to generate 
the air temperature matrices in post-cooling chamber. Similar to the entrance 
chamber, air temperature values were used to calculate temperature of tows in the 
post-cooling chamber and consequently, amount of lost thermal energy in the post-
sooling step is calculated. 
Table 5-3 Air temperature distribution functions of air in exhaust chambers while 
tow leaves the stabilisation oven 
LS 
Zone 1 ௘ܶ௫.ଵ(ݔ) = 196.96− 1237.97ݔ+ 3432.51 ݔଶ − 3357.97ݔଷ 
Zone 2 ௘ܶ௫.ଶ(ݔ) =210.87+322.64 x−8819.30ݔ2+27047.13 ݔ3−24490.93 ݔ4 
Zone 3 ௘ܶ௫.ଷ(ݔ) = 263.79 − 2582.52 ݔ + 12125.13 ݔଶ − 25153.93ݔଷ + 18712.45 ݔସ 
Zone 4 ௘ܶ௫.ସ(ݔ) =246.96−2331.46 x+12664.62 ݔ2−30310.09 ݔ3+25311.31ݔ4 
HS 
Zone 1 ௘ܶ௫.ଵ(ݔ) = 187.09− 905.88 ݔ + 2010.52 ݔଶ − 1656.62677 ݔଷ 
Zone 2 ௘ܶ௫.ଶ(ݔ) = 217.44− 219.17ݔ − 4405.84 ݔଶ + 15520.39 ݔଷ − 14717.98 ݔସ 
Zone 3 ௘ܶ௫.ଷ(ݔ) = 234.69− 1470.73 ݔ + 4161.04 ݔଶ − 4091.19 ݔଷ 
Zone 4 ௘ܶ௫.ସ(ݔ) = 237.36− 1663.20ݔ+ 7676.49ݔଶ− 16943.73 ݔଷ − 13431.04 ݔସ 
 
Using above air temperature functions, calculated convective heat transfer 
coefficient and Eq.2-17 temperatures of tows are calculated and presented in Figure 
5-9. In order to calculate the transient temperature of PAN tow at each stage, the 
calculated air temperature distribution functions was considered to generate the 
local tempearture in the oven. Then, calculated heat transfer coefficient and specific 
heat values were implemented in Eq2-17 to calculated the transient tempeature of 
tow at each stage inside the oven. 
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Figure 5-9 Measured and calculated temperature of tows in post-cooling chamber; 
graphs (a), (c), (e) and (g) are for low speed and graphs (b), (d), (f) and (h) are for high 
speed stabilisation trials 
As it is shown in Figure 5-9, calculated temperature for low speed trial show a 
more accurate prediction and calculated results are better fitted on the measured 
temperature than high-speed trial. Since results of high-speed trials are average of 
three runs, the calculation showed a better fit. The higher difference between 
calculated and measured temperature at high-speed trial is due to a single 
measurement, which resulted a higher error in calculation.  
5.4 Exothermic energy of PAN precursor 
As it presented in chapter 3, exothermic energy release during the stabilisation 
is calculated by subtracting tows and air temperature at the same point in the oven. 
Figure 5-10 shows both air and tow temperature at each zone for trials with high and 
low speed.  
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Figure 5-10 Exothermic temperature of tows and ambient temperature of air at each 
zone; graphs (a), (c), (e) and (g) are for low speed and graphs (b), (d), (f) and (h) are 
for high speed stabilisation trials 
Exothermic temperature of tows and temperature of air at the same spot are 
presented in Figure 5-10. The current study is reporting temperature distribution in 
a centre to end oven for the first time. Based on the trends in Figure 5-10 presence 
of a zone with less airflow in centre of each zone is visible. This dead zone with smaller 
air circulation is shown in Figure 2-9 where the air flows vertically down to the 
main channel and the exit from two designed side honeycomb structured 
hatches parallel to the tows. 
e f 
g h 
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Figure 5-11 inside a centre to end stabilisation oven, tow, honeycomb air channels 
and the gap between two passes for travelling of tow are shown in the image 
Based on the measured temperature values, accumulated exothermic energy 
at each zone are calculated and presented in Table 5-4. 
Table 5-4 Exothermic energy release of a single 24k tow in LS and HS trials 
 Measured exothermic energy release (KJ/hr) 
Thermal zone LS HS 
Zone 1 21.56 28.48 
Zone 2 55.34 52.59 
Zone 3 78.73 100.40 
Zone 4 111.22 196.89 
 
As it is presented in Table 5-4 increasing speed of stabilisation line, reduced the 
travelling time of tows inside the oven and resulted a higher accumulated exothermic 
energy in tows. 
5.5 Design of heat exchanger for recovering heat 
Based on previous descriptions, a finned tube heat exchanger will be designed 
to recover heat from abatement hot air and preheat the make-up air using the 
recovered energy. 
Honeycomb like air channel 
PAN tow 
Gap between two upper and 
lower air channels for travelling tow 
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5.5.1 Available wasted energy from abatement exhaust 
First, the available energy from exhaust flow must be calculated and 
implemented in heat exchanger calculation. Table 5-5 presents calculated values and 
based on results, the available energy in the flue gas of abatement system is 670312 
KJ/hr, which a part of this energy can be recovered to increase energy efficiency of 
stabilisation system. 
Table 5-5 Released energy by combustion of natural gas (NG) in abatement system 
Parameter Dimension Value 
Fumes from the ovens kg/hr 967 
Air temperature C 244 
Abatement temperature C 850 
Required energy for heating KJ/hr 650405 
Released energy by NG KJ/kg 43000 
Excess air in burner ratio 0.1 
Specific heat of NG KJ/kg-K 2.34 
NG flow kg/hr 15.13 
Stoichiometric air ratio m3 air/m3 fuel 9.5 
Density of air kg/m3 1.20 
Density of NG kg/m3 0.8 
Stoichiometric ratio (w/w) kg air/kg fuel 216.44 
Excess air flow  kg/hr 21.64 
Absorbed energy by excess air KJ/hr 19907.56 
Corrected NG flow kg/hr 15.59 
Volumetric flow of NG Nm3/hr 19.49 
Corrected released energy by NG KJ/hr 670312.81 
 
As it is shown in Table 5-5, inlet and outlet air temperatures were considered 
as 244 and 850oC, which are actual process values. Excess air in burner was 
considered as 10%, where the common range for excess air injection in a natural gas 
burner is between 5 and 10wt% of required stoichiometric airflow [135]. Amount of 
excess air was added to the calculations and the required volumetric natural gas flow 
for heating of total inlet air to 850oC was calculated as 19.49 Nm3/hr. 
5.5.2 Process details for heat exchanger design 
Previous calculations showed that the abatement system wasted more than 
670 MJ/hr energy by itself. To increase the energy efficiency of stabilisation process, 
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a part of this energy must be returned to the system by pre-heating make-up air. 
Table 5-6 presents design and process parameters on a single-pass crossflow heat 
exchanger. Since the exit temperature of flue gas from the abatement system us 
notably high (850oC), a small 2ft by 2ft finned tube heat exchanger can recover the 
required energy for preheating the make-up air and reduce the consumed energy by 
heating elements.  
Table 5-6 Design specification and flow parameters of heat recovering system 
Heat recovering system (HRS) Values  
Duct size (ft) 2×2 
Number of fins/in 8 
Exhaust gas inlet temperature (oC) 850 
Exhaust gas outlet temperature (oC) 650 
Make-up air inlet temperature (oC) 21 
Make-up air outlet temperature (oC) 232 
Arrangement of tubes Triangular 
Tube OD (in) 1 
Tube ID (in) 0.834 
Flow area per tube (in2) 0.546 
BWG of tubes 14 
Fin radius (in) 3/8 
BWG of fins 20 
BWG of tubes 14 
Flow type 1-pass cross-flow 
Spacing between tubes (in) (SL and ST) 2.25 
Fin’s spacing (in) 0.125 
Fin’s thickness (in) 0.035 
Volumetric section between tubes (in) 1.95 
Dirt factor (Rdo) 0.003 
Dirt factor (Rdi) 0.003 
Reshell 6496 
Retube 38819 
Mass flux in shell (lb/hr-ft2) 3557 
Mass flux in tubes (lb/hr-ft2) 171428 
Gas velocity in tubes (ft/s) 0.762 h୤ᇱ (Btu/hr ft2 F) 10.82 h୧ᇱ (Btu/hr ft2 F) 14.56 
UDi (Btu/hr ft2 F) 12.73 
Required surface area (ft2) 44.13 
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Available surface area (ft2) 48.03 
Number of banks 11 
Pressure drop in shell-side (psi) 0.052 
Pressure drop in tubes-side (psi) 0.003 
Capacity of exhaust flow (lb/hr) 6315 
Capacity of make-up air (lb/hr) 3184 
 
Details of wasted heat recovery exchanger are presented in Table 5-6. As it is 
shown in the table, this small heat recovery unit can heat up 3184 lb/hr (1455 kg/hr) 
of ambient temperature air to 232oC and recover this amount of energy to the 
stabilisation oven. Recovering this amount of heat reduces the required heating load 
by heating elements and saves a notable amount of electrical energy. In the next 
section energy efficiency of stabilisation process with and without heat recovery unit 
will be calculated and effect of adding a simple heat recovery unit will be presented. 
5.6 Transferred energy in the stabilisation oven 
Calculating temperatures and transferred energy in stabilisation process 
provided enough details to calculate energy efficiency of the process. Table 5-7 
Presents amount of transferred energy in the stabilisation process and the calculated 
energy efficiency of the process with and without considering a heat recovery unit 
(HRU).  
Table 5-7 Calculated energy values and efficiency for a multi-tow stabilisation line 
with and without heat recover unit; 28 tows and each tow contain 12k filaments 
Description 
LS trial HS trial 
kJ/hr kJ/kg* kW kJ/hr kJ/kg* kW 
In
pu
t 
Recirculation fan Z1 33700 4517 9.36 33700 4517 9.36 
Recirculation fan Z2 33591 4564 9.33 33591 4564 9.33 
Recirculation fan Z3 33809 4705 9.39 33809 4705 9.39 
Recirculation fan Z4 34354 4693 9.54 34354 4693 9.54 
Recirculation fans 135454 18479 37.63 135454 18479 37.63 
Heating elements Z1 64457 8640 17.90 64457 8640 17.90 
Heating elements Z2 74247 10088 20.62 74247 10088 20.62 
Heating elements Z3 66263 9221 18.41 66263 9221 18.41 
Heating elements Z4 58891 8045 16.36 58891 8045 16.36 
Heating elements 263385 35994 73.29 263385 35994 73.29 
N.G. to abatement 670312 90582 186.20 670312 90582 186.20 
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Total input 1069625 145055 297.12 1069625 145055 297.12 
Ge
ne
ra
tio
n Exothermic generation Z1 301.84 40.79 0.084 339.08 45.82 0.094 Exothermic generation Z2 774.76 104.70 0.215 736.26 99.49 0.204 
Exothermic generation Z3 1102.22 148.95 0.306 1405.60 189.95 0.390 
Exothermic generation Z4 1557.08 210.42 0.432 2756.46 372.49 0.766 
Total generation 3735.90 504.85 1.038 5237.4 707.76 1.455 
Ou
tp
ut
 Tows’ reheating 2353.68 318.06 0.654 6350.40 858.16 1.764 
Loss to exhaust 228653 30899 63.51 228653 30899 63.51 
Insulation loss 27743 3749 7.71 27743 3749 7.71 
Total output 929063 125548 258.07 933156 126102 259.21 
 
Recovered energy 210276 28415 58.41 210276 28415 58.41 
Loss% without HRU 87.54 89.47 
Loss% with HRU 67.95 69.91 
* Consumed energy per kilogram of stabilised fibre 
 
Since temperature of abatement is above 850oC, amount of natural gas to 
achieve to the temperature is notable and exhausting this amount of energy 
decreases efficiency of the process. Based on the presented results in Table 5-7, 
without using heat recovery unit total energy loss from the stabilisation process is 
higher than 87% however, adding the designed heat exchanger to the process 
recover about 20% of released energy from abatement and reduce total energy loss 
to less than 69%. Recovered energy from the abatement output will be used to 
preheat the make-up air and decrease the heating load of elements. Since preparing 
hot air for ovens consumes 73.92kW of total 110.92kW input energy to ovens, 
recovering 58.41kW decrease process energy loss, notably. 
As we mentioned in chapter 2, 22% of carbon fibre cost originates from 
stabilisation energy consumption then, reducing 20% of energy loss of the process 
will affect the final product cost.  
5.7 Summary 
Mathematical modelling of the existing thermal stabilisation process of PAN 
confirmed potential of recovering 258 kW energy from abatement output stream. 
Since total input energy by heating elements into the ovens is 73.29 kW, recovering 
a part of wasted energy can compensate the input energy to oven and decrease 
required electrical energy of the system. Based on the calculation, a 2ft×2ft finned 
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tube heat exchanger can recover 52.79kW energy form abatement output and 
decrease energy loss of stabilisation process from about 87% to 67%.  
As thermal stabilisation of PAN precursor fibres costs 22% of final carbon fibre 
price, reducing 20% of process energy loss is an effective approach to reduce the cost 
of final product. In this method, no change in chemical variables of the precursor 
material, wet-spinning and post-spinning processes or thermal stabilisation variables 
is required. Since adding any chemical to the process requires a comprehensive study 
to investigate its possible effects on stabilisation and carbonisation of PAN precursor, 
recovering wasted energy from abatement system is introduced as an inoffensive 
approach to reduce cost of carbon fibre production. 
The point of difference this approach is ability to combine with two previously 
mentioned solutions to minimise the energy consumption of stabilisation process. 
Because heat recovery from the abatement output does not interfere with chemical 
composition of precursor, this approach can be used simultaneously with chemical 
treatment of precursor fibres. 
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6 Chapter 6 - General discussion 
This chapter summarises results of two different approaches to reduce energy 
consumption of stabilisation process. Chemical treatment with ammonium iron (II) 
sulphate and EMIM-Ac were two investigated chemical treatment methods that 
applied to change thermochemical and thermogravimetric behaviour of precursor 
fibres. In addition, adding a heat recovery unit to increase energy efficiency of 
stabilisation process was studied and detailed design of the recovery heat exchanger 
was presented. 
6.1 Chemical treatment with ammonium iron (II) sulphate 
The first section, describes effect of adding ammonium iron (II) sulphate in the 
coagulation and post-spinning baths and compare results to present a general 
discussion.  
6.1.1 Morphology of fibres and radial heterogeneity of diffusion 
SEM images did not show any defect on surface of precursor fibres after 
chemical treatment in coagulation and post-spinning baths. However, cross-section 
of fibres has changed from circular to bean-shape after chemical treatment in the 
coagulation bath. STEM-EDS elemental maps confirmed the higher effectiveness of 
chemical treatment with ammonium iron (II) sulphate in the coagulation bath than 
post-spinning bath. As it was discussed in chapter 3, adding the water-soluble 
chemical into the coagulation bath and using counter-current mass transfer between 
fibre and bath to carry the ions into the fibre, resulted in a higher amount of chemical 
transfer from bath to fibres. In comparison, diffusion of ammonium iron (II) sulphate 
from post-spinning bath into the precursor fibre was negligible. 
6.1.2 Plasticising effect of sulphate and hydroxyl ions 
Diffusion of sulphate and hydroxyl ions in the nascent PAN fibres reduced 
strong dipole-dipole interaction between cyanide bonds and decrease entanglement 
of polyacrylonitrile chains during formation of fibres. Reduction of intra- or inter-
chain entanglement increased orientation of (1 0 0) planes in precursor fibre from 
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0.54 to 0.65 for homopolymer PAN fibres and from 0.54 to 0.61 for copolymer fibres, 
which have been chemically treated in coagulation bath. Similarly, chemical 
treatment of PAN homopolymer in coagulation bath increased size of (1 0 0) 
crystallites from 3.61 to 7.64nm and a smaller increase from 5.65 to 5.86nm was 
observed in copolymer based fibres.  
Post-spinning chemical treatment of homopolymer fibres did not change 
orientation of (1 0 0) crystalline planes however, size of these crystallites were 
increased slightly from3.61 to 3.63 nm. Similarly, a slight change in size and 
orientation of (1 0 0) crystalline planes were observed from 5.65 to 5.50 nm and from 
0.54 to 0.57 after chemical treatment of control precursor fibres in post-spinning 
bath. 
As a conclusion, when chemical treatment of PAN fibres with ammonium iron 
(II) sulphate was carried out in the coagulation bath, greater crystallographic 
improvement was obtained than chemical treatment in the post-spinning bath. 
6.1.3 Mechanical properties of precursor fibres 
Increasing orientation of (1 0 0) planes improved tenacity of homopolymer 
fibres from 1.71cN/dtex for control to 1.93cN/dtex for CT samples. Similarly, tenacity 
of copolymer fibres was increased from 3.49cN/dtex for control to 4.09cN/dtex for 
CT samples. Post-spinning chemical treatment of fibres also increased tenacity of PT 
homopolymer fibres to 1.93cN/dtex however, it reduced tenacity of PT copolymer 
fibres from 3.49 to 2.98cN/dtex which is due to a reduction in size of (1 0 0) crystallites 
from 5.65 for control to 5.50 nm. 
6.1.4 Change in stabilisation peak temperature 
DSC results of precursor fibres in air atmosphere showed a notable reduction 
of peak temperature for homopolymer samples. Since hompolymer fibres do not 
contain acidic comonomer, its thermal behaviour was greatly affected by chemical 
treatment and DSC results showed 13 and 16oC reduction in peak temperature of PT 
and CT fibres, respectively. Based on previous literatures, approaching negative 
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charged ions (hydroxyl and sulphate) into the positive side of cyanide bonds reduces 
their strength and results in a series of cyclisation reaction. 
6.2 Chemical treatment with EMIM-Ac 
The second section of discussion describes effect of chemical treatment of PAN 
fibre with EMIM-Ac. Similar to chemical treatment with ammonium iron (II) sulphate, 
two different approaches were studied to find the most effective method of chemical 
treatment. The first approach was adding EMIM-Ac directly to the spinning dope as 
a dope additive and the second approach was chemical treatment in the post-
spinning bath. As EMIM-Ac is an expensive chemical and recovering it from the 
coagulation bath requires a special solvent recovery system, chemical treatment in 
the coagulation bath was not studied as a possible solution. 
6.2.1 Colouring effect of EMIM-Ac 
After adding EMIM-Ac ionic liquid a change in colour of spinning dope from pale 
yellow to brown was observed. This colour change was described before as liquid 
phase partial stabilisation. High interaction between the ionic liquid and cyanide 
bonds leads to partial cyclisation of PAN chains. This chemical structure 
transformation changed rheological behaviour of spinning dope from a liquid to a gel-
like structure which must be noted before spinning. 
6.2.2 Morphology of chemically treated fibres 
Based on SEM images, adding EMIM-Ac to the spinning dope damaged the 
surface morphology of fibres and resulted a wavy surface. This is because of change 
in rheological behaviour of spinning dope after adding EMIM-Ac. Partial stabilisation 
of PAN chains in liquid phase was observed in previous and current studies which can 
change solubility of polymer in DMF and result a non-uniform surface morphology in 
wet-spun fibres.  
Short exposure time of fibres and EMIM-Ac solution in post-spinning chemical 
treatment bath of fibres did not change surface roughness or uniformity however, 
long exposure time (more than 5 min) in high concentration bath (above 5wt% IL in 
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water) dissolved precursor fibres partially and resulted a number of fused filaments. 
Since fusion of filaments prevents release of exothermic energy during stabilisation, 
post-spinning modification must be considered in a bath less than 5wt% IL in less than 
5 minutes’ exposure time. 
6.2.3 Thermochemical properties of fibres 
Wet-spun PAN fibres containing EMIM-Ac as dope additive did not show a 
change in peak temperature because of dissolving IL in water in coagulation, washing 
and rinsing baths. However, exothermic peak intensity reduced due to partial 
stabilisation of polymer chains in liquid phase.  
Post-spinning chemical treatment with EMIM-Ac decreased both temperature 
and intensity of exothermic energy release and seems much more effective method 
than adding IL into the spinning dope. However, chemical treatment in post-spinning 
bath containing less than 5wt% IL postponed the end temperature of stabilisation. 
Based on DSC results, longer than 5 min exposure time and higher than 5wt% EMIM-
Ac in post-spinning bath resulted in termination of stabilisation reaction below 300oC. 
To reduce energy consumption of stabilisation, the reaction must be started and 
finished at lower temperature which is achievable by short time chemical treatment 
(less than 5 minutes) in a high concentration IL bath (above 5wt%). 
6.2.4 Thermogravimetric behaviour of chemically-treated fibres 
Based on TGA and DTG results, adding EMIM-Ac into the spinning dope did not 
change thermogravimetric behaviour of modified spinning dope and the same trend 
was observed in wet-spun fibre sample. Draining excess ionic liquid form the fibre in 
wet-spinning baths is the reason of similar TGA and DTG trend with control PAN 
fibres. 
In comparison, post-spinning chemical treatment has greatly affected TGA 
graphs and the weight loss process has started at lower temperature. Similar to DSC 
graphs, PAN fibres were chemically treated in 0.5, 1and 2wt% IL in post-spinning bath 
showed smaller weight loss at lower temperature. This is due to the shift in end 
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temperature of stabilisation, which make the reaction temperature range broader 
than the control sample. DTG graphs of the same sample showed a small derivative 
weight change at 300oC and a major weight change above 400oC. Since stabilising 
PAN fibres at lower temperature saves process energy, a notable derivative weight 
change at lower temperature is desired. 
Increasing concentration of EMIM-Ac in post-spinning bath to 5wt% resulted 
three weight change stages; a small weight change peak below 200oC, another small 
one at 400oC and a notable peak above 500oC. In comparison, 10_2 sample (10wt% 
of IL in bath with 2 minutes’ residence time) showed a notable peak in DTG graph 
below 200oC and the second peak above 500oC. Since the high temperature 
derivative weight change is assigned to thermal degradation of PAN chains, 10_2 fibre 
sample showed the most desired thermal behaviour with a notable weight loss below 
200oC which confirm a notable degree of completion of stabilisation reaction. DTG 
analysis of 10_5 and 10_10 fibre samples revealed two small peaks below 200oC and 
between 300 and 400oC and a very sharp derivative weight change above 450oC. The 
sharp DTG peak at lower temperature than other samples showed a low temperature 
thermal degradation of stabilised PAN fibres which is not accepted for further 
processing.  
6.3 Increasing energy efficiency of stabilisation process 
Although both previously mentioned solutions offered a chemical treatment 
approach to reduce energy consumption of stabilisation process heat recovery from 
the exhaust stream has been introduced as an alternative solution by modifying the 
process design. Since burning exhaust fumes above 850oC in abatement system is 
inevitable to prevent releasing toxic fumes such as HCN, CO and ammonia to the 
atmosphere, the abatement output hot gas is a potential source of energy, which can 
preheat the make-up air stream.  
To calculate transferred energy from stabilisation oven to abatement system, 
the oven and abatement were considered as a control volume and input and output 
energies were obtained. Electrical energy transfer into heating elements and 
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recirculation fans were calculated based on measured current and voltage of each 
compartment. Exothermic energy generation by PAN tows during the stabilisation 
was calculated from measured temperature of tow and air at the same length of the 
oven. Then, required energy for reheating tows after passing each stabilisation zone 
was calculated based on calculated temperature distribution.  
6.3.1 Calculating energy transfer variables 
Specific heat capacity and convective heat transfer coefficient are two main 
energy transfer variables, which affect the accuracy of calculated energy transfer. In 
this study, instead of using an estimated constant value for specific heat capacity, a 
modulated DSC measurement was applied to calculate “cp” of PAN. As it was shown 
in MDSC graph, cp value of PAN was changing from 1.4 to 1.2kJ/kg-K from precursor 
to fully stabilised polymer.  
Similarly, convective heat transfer coefficient of air was calculated for cross- 
and parallel- flow in exhaust chamber and inside the oven. The, heat transfer 
between tows and air was calculated based on the appropriate “h” value.  
6.3.2 Exothermic generation of PAN tows 
Based on calculated and measured results, accumulated exothermic energy of 
tows in stabilisation LS and HS process are 1.038 and 1.455 kW, respectively. Since 
the major part of exothermic energy was dissipated to the exhaust by recirculation 
air, calculated values are remaining energy in the tows. 
6.3.3 Effect of HRU on efficiency of the process 
Calculations showed adding a heat exchanger to output stream of abatement 
system recovers 58.21 kW energy by preheating make-up air. This notable energy 
recovery, decreases energy loss of the process from 87.54 to 67.95% for low speed 
stabilisation trial and from 89.47 to 69.91% to high speed stabilisation trial. About 
20% energy recovery from the final exhaust stream increases efficiency of 
stabilisation process and reduce cost of final product. 
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6.4 Summary 
Three approaches have been introduced to reduce energy consumption of 
stabilisation of polyacrylonitrile precursor fibres. Chemical treatment of precursor 
fibre with ammonium iron (II) sulphate and EMIM-Ac were introduced as effective 
approaches to reduce peak temperature of stabilisation reaction. Beside chemical 
approaches, recovery of wasted energy from the abatement output stream was 
investigated as an alternative solution.  
Based on experimental and modelling results, adding ammonium iron (II) 
sulphate in the coagulation bath resulted the most preferred thermochemical and 
mechanical properties for PAN fibres while chemical treatment with EMIM-Ac in 
post-spinning bath was more effective. To prevent re-dissolution of PAN in ionic 
liquid, the residence time of PAN tows in post-spinning bath must be lower than 5 
minutes and to achieve the desired stabilisation rate, concentration of ionic liquid 
must be higher than 5wt% in treatment bath. 
Adding heat recovery unit recovered 20% of wasted energy, which will be used 
to preheat the make-up air and reduce heating load on heating elements. A heat 
recovery unit can be used for thermal conversion process of PAN regardless to its 
chemical treatment. Then, combining a chemical treatment step with HRU can save 
a notable amount of energy and decrease cost of final product.  
6.5 Future work 
It is recommended to investigate the effect of chemical treatment on evolution 
of chemical structure of PAN fibres during stabilisation and on mechanical properties 
of carbon fibre. Since EMIM-Ac showed capability of reacting with PAN in liquid phase 
and change intensity of exothermic peak in DSC, it is recommended to investigate 
solution phase stabilisation of PAN in DMF and evaluate possibility of spinning 
partially stabilised fibres. Spinning of partially stabilised fibres will result in less 
energy consumption in the thermal conversion process. 
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Based on results of heat recovery approach, the maximum recoverable energy 
is higher than required energy for preheating make-up air, it is recommended to add 
some additional instrument such as PAN tows preheating chamber to increase the 
efficiency of the process by reducing pre-heating and transient temperature length 
in stabilisation ovens. 
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7 Appendix 
TGA and DSC graphs for calculating specific heat of PAN.  
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Figure 7-1 simulated weight loss curve for PAN samples in zone-1 
Twelve prepared samples were subjected to the heat treatment at the same 
temperature of zone-1, three of them were selected for isothermal modulated DSC 
experiments and rest of them were taken to the next step. 
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Figure 7-2 simulated weight loss curve for PAN samples in zone-2 
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Nine samples were thermally treated in nitrogen atmosphere at the same 
temperature of zone-2 and their weight loss trend were collected. Three samples 
were picked up for modulated DSC and remaining six samples were selected for the 
zone-3 simulation. 
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Figure 7-3 simulated weight loss curve for PAN samples in zone-3 
Six samples were thermally treated in nitrogen atmosphere at the same 
temperature of zone-3 and their weight loss trend were collected. Three samples 
were picked up for modulated DSC and remaining three samples were selected for 
the zone-3 simulation. 
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Figure 7-4 simulated weight loss curve for PAN samples in zone-4 
Three remaining samples were thermally treated in nitrogen atmosphere at 
the same temperature of zone-4 and their weight loss trend were collected.  
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Figure 7-5 standard specific heat trend for the sapphire sample at different 
temperatures 
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Figure 7-6 Measured specific heat values obtained from MDSC experiments at each 
isotherm 
Using above values and the standard specific heat data, the following 
correction factors were calculated and applied to the measured specific heat values 
to calculate the real specific heat data. 
Temperature (C) Correction factor 
227 1.68 
238 1.51 
248 1.57 
262 1.51 
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